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ABSTRACT 
With the rapid growth in human population and advances in technology, the prices of fossil 
fuels have increased significantly over the last few decades. Despite the fact that many 
renewable sources such as solar, wind, geothermal and biomass have been implemented, high 
investment costs and high cost-per-watt are contemporary issues which slow down the 
development of renewable energy systems. In this context, there is a need to improve the 
existing power generation techniques by developing a more efficient thermal system for 
extracting renewable energy available in the form of low-grade heat. Currently, most of the 
relevant techniques are focused on high temperature heat extraction as the existing methods 
for the low-grade heat are expensive. In this research, a new technique has been proposed by 
combining the Trilateral Flash Cycle (TFC) and a reaction turbine in a binary system, which 
is able to offer better operation at lower cost and wider utilization of the current resources. 
TFC has the capability to extract heat more efficiently from hydrothermal resources which 
can directly increase power production and reduce green gas emissions. In this research, a 
mathematical model was developed for the simple reaction turbine to in order to perform 
parametric studies including predicting the output powers and efficiencies at different 
rotational speeds. In addition, this mathematical model is able to determine the optimal 
design parameters for the turbine under specific operating conditions. A laboratory scale 
experiment will be carried out on the reaction turbine with the TFC as a binary power system 
in order to validate the developed mathematical model and to ensure the reliability of the 
mathematical results. 
Currently, there are three techniques used for extracting geothermal energy. The first is single 
flash steam power plants. These are suitable for high temperature operation, typically at 180 
ºC and above, and requiring cylindrical cyclonic pressure to separate the liquid from the 
vapour for rotating the turbine. The second technique is a dry steam power plant which has a 
basic power generating system to utilize the hydrothermal fluid entering directly into the 
turbine. The third method is a binary cycle power plant which is suitable for low temperature 
resources, typically below 150 ºC. In this system, geothermal hot water flows through a heat 
exchanger to transfer heat to a secondary working fluid referred to as a “binary fluid”. The 
binary fluid (normally Iso-pentane or Iso-butane) has a low boiling temperature at 
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atmospheric pressure. This low temperature type of working fluid can vaporize easily and in 
turn drive the turbine expander. The proposed system is a closed loop cycle and has no gas 
interaction with the environment and is thus considered as an organic cycle. The concept of a 
binary cycle is to utilize the heat extracted from the hot geothermal fluid to increase the 
temperature of the working fluid to its saturated temperature. Upon reaching to its saturation 
point, the working fluid will boil and flash into vapour for expanding in the turbine, which is 
connected to an electrical generator. After thermal expansion in the turbine, the working fluid 
is condensed and cooled in the condenser to start a new cycle as a close loop. A benefit of 
this technique using a closed loop cycle is that the binary geothermal power plant has no 
emissions as the geothermal fluid is not exposed to the atmosphere. However, the main 
drawback of this system is its low efficiency of energy conversion. 
Employing a reaction turbine in a binary cycle can improve the heat extraction efficiency in 
geothermal applications. This system can also increase the efficiency of power generation 
from other low grade heat sources. This approach is the second core concept in this research 
by improving the power utilization aspect. In this research, a new design of reaction turbine is 
a novel choice of expander to be implemented in the binary cycle electrical power plant. Use 
of a reaction turbine is simple in concept but has many advantages. The advantages include 
that the reaction turbine has a larger volumetric expansion ratio than that of the currently used 
twin screw expander. 
Use of a reaction turbine is a novel idea to be engineered in the binary system with the TFC. 
This combination will increase the efficiency of binary power plants. It involves a relatively 
larger expansion ratio, lower maintenance cost and higher rotational speed than a 
conventional screw expander, at more than 3000 rpm.  
This type of simple reaction turbine utilizes the static head available in the working fluid and 
converts it to dynamic head with the converging nozzles, which are an integral part of the 
rotor. The change of momentum of the fluid in the nozzle gives rise to a reaction force, which 
causes the rotor to rotate. The working fluid under pressure enters the turbine axially from the 
stationary inlet pipe and leaves the rotor nozzles radially with high relative velocity. 
Incorporation of a reaction turbine into the binary power system is a new concept with the 
TFC and increases the productivity of the binary power plant. The reaction turbine has a large 
expansion ratio, low maintenance cost and a high rotational speed of more than 3000 rpm. 
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This type of reaction turbine is able to process the static head which is available in the 
working fluid and is able to transform it to dynamic head using the converging nozzles in the 
rotor. Then the nozzles give a rise to a reaction force causing the rotor to rotate .Isopentane 
under pressure expands inside the turbine axially from the stationary inlet pipe and leaves the 
rotor nozzles with high relative velocity. 
In this research, the TFC as a thermodynamic cycle and a reaction turbine for power 
extraction are presented as a binary power system for the first time. The TFC has the 
capability to recover more thermal heat from the heat source. This can increase the power 
production from the binary power system. However, there is the associated need to convert 
the increased thermal energy from the TFC by using an appropriate expander. The proposed 
expander in this research is the reaction turbine. This turbine enables the TFC in a binary 
power system to produce more power than other expanders.  
The methodology in this research is based on a literature review from previous published 
articles, books and theses. There are two main parts, the first to conduct a theoretical analysis 
and the second to design and manufacture the reaction turbine before carrying out 
experimental validation. 
The mathematical model of simple reaction turbine was established in order to calculate the 
optimal turbine design parameters. This mathematical model can also predict the 
performances including power and efficiency at different rotational speeds. The innovative 
design includes major and minor modifications including replacing the previous screw 
expander. The newly designed turbine has been manufactured in RMIT University to be 
installed in the binary power system for testing and analysis. This experimental validation 
involves measuring the performance of the new configuration of the using a reaction turbine 
with the TFC in a Binary Power system on a laboratory scale.  The tests include different 
rotational speeds using different electrical loads. Also, the tests include changing the heat 
source temperature through the low grade heat range. 
Finally the new design will be tested with TFC for improved performance and characterised. 
A case study for an exciting binary power plant in Birdsville, Queensland, Australia was 
carried out in this research using the new proposed design. 
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In the laboratory, for experimental validation, two main tests are presented. The first test is on 
a binary system prototype with a screw expander with two thermodynamic cycles, the 
Organic Rankine Cycle (ORC) and the Trilateral Flash Cycle (TFC). The purpose of running 
the ORC is to establish a benchmark as the ORC is a well-established technology for utilising 
low grade heat. Then a screw expander is run with the TFC in order to compare the TFC to 
the ORC. A second main test is with the newly designed reaction turbine employing the TFC 
as a thermodynamic cycle for experimental validation. Using the reaction turbine with TFC in 
a binary power system matches the main aim of this research which is to increase geothermal 
power production especially as hot liquid at higher pressure can be expanded with higher 
performance comparing to an ORC.  
Finally as part of the case study, two proposed systems are introduced and discussed in 
relation to the geothermal power plant in Birdsville. The binary power plant in Birdsville, 
Queensland in is currently the only in Australia. The purpose of the case study is to illustrate 
application of the proposed TFC incorporating a reaction turbine using current technology.  
 The case study considers either a complete replacement of the current ORC with a TFC or 
connecting a TFC with the current ORC in order to recover more heat for more power 
production.  
In the first proposal where a TFC with a reaction turbine replaces the current ORC, the net 
power can be increased by 18 % to 50% compared to the current ORC system.  
In the second proposed system, coupling a TFC using reaction turbine with the current ORC 
system could result in even more power production. The estimated net power increase at 50% 
isentropic efficiency can be between 43% and 52%. In this second proposal, there is 
estimated to be more power generation than from the TFC only. From this case study a TFC 
is a promising replacement or addition to the ORC in order to produce more power from low-
grade heat resources.  
 
 
  
 
CHAPTER 1         
INTRODUCTION  
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1.1 Project Aim 
The aim of the project was to develop a low temperature binary power system based on a 
Trilateral Flash cycle (TFC) and using a reaction turbine expander with a binary working 
fluid. To accomplish this aim following objectives were pursued,  
1. Develop a mathematical model of the binary power system. 
2. Develop a mathematical model of the two phase reaction turbine. 
3. Design and construct the binary power system with a reaction turbine as expander.  
4. Conduct experiments to estimate the performance of the binary power system with a 
reaction turbine and to validate the mathematical model of the system and turbine.  
5. Optimise the power system based on the data analysis.  
1.2 Project Flow Chart 
Figure ‎1-1 shows an overview of main approaches used in this study. The thesis is based on 
analysing existing resources using current technology and showing how introduction of new 
approaches can improve the efficiency and decrease the cost 
 
Figure ‎1-1: Concept of the project flow chart 
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1.3 Low-Grade Heat Resources 
Low-grade heat sources are available throughout the world and at present they are not 
efficiently utilised. Most of these low grade thermal sources are available at temperatures 
below 150 ºC and they are difficult to convert to useful work. The following are the three 
main low – grade heat sources: 
1.3.1 Solar Thermal 
It is easy to collect and store low grade solar thermal energy. Solar thermal energy can be 
collected using solar collectors including: solar pond, flat plate, evacuated tubes and 
concentrating solar collectors. Solar heated water could be used to generate power (Vogel & 
Kalb, 2010). A Solar pond is one form of thermal heat collector, which can be a considerable 
resource and may be linked to a binary system. The solar thermal energy may be harnessed in 
order to generate electricity by using lenses and reflectors to concentrate the sunlight. Fluid, 
for example water or oil can be heated to boiling temperature by applying this concentrated 
solar energy and this technology can be used on a large scale to generate electrical power.  
The highest average solar radiation in the world is available in Australia, suggesting that the 
solar industry has the potential to lead the world in solar energy. As referenced by Kalb and 
Vogel, (Kalb & Vogel, 2010), there are few working thermal systems in Australia. The solar 
thermal technologies that available to utilise the solar thermal energy are as follows. 
1.3.1.1 Tough system: 
This is an array of linear parabolic concentrator to collect concentrated sunlight into piped 
fluid. The pipes then concentrate the fluid to a central point. This system can produce high 
temperatures but because of the low efficiency of the solar concentrators, this system can 
produce a peak of 1000 W/m2 as with all other solar collection systems. 
1.3.1.2 Compact Linear Fresnel Reflector (CLER): 
This is a modular flat reflector that can concentrate the sun radiation into elevated receptacles 
filled with water. The radiant sunlight can heat the water until it can boil inside the tubes, and 
high-pressure steam can be generated which can be used for direct power generation. This 
system can work with steam applications without the need for costly heat exchangers.   
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1.3.1.3 Tower system:  
The tower system is a modern technology with tracking mirrors that can reflect the sunlight 
onto a centrally located tower. The central tower contains a working fluid which be heated up 
by the concentrated sunlight and can be used for solar thermal power generation. 
1.3.1.4 Parabolic Dish system: 
This technology is based on concentrating the sunlight using a parabolic dish array. The 
concentrated sunlight can be focused into a fluid (water) in order to raise that fluid to boiling 
temperature.  
 
1.3.2 Geothermal 
Geothermal energy is considered by many researchers to have the potential to become a base 
load supplier. Most geothermal reservoirs are approximately 1km to 5km deep with 
temperatures ranging from 60 ºC to 200ºC. Geothermal energy has been successfully used to 
produce power at a number of locations around the world butut exploration of geothermal 
reservoir and bringing the heat from deep geothermal reservoirs to the surface is still a big 
challenge. There are two type of geothermal reservoir, namely: hydro thermal and hot dry 
rock. In the case of hydro thermal reservoirs the geothermal fluids that are present in the 
reservoir are brought to the surface and they are either used directly to run a turbine or they 
are passed through an external heat exchanger to heat a binary fluid. In the case of hot dry 
rock resources, water from the surface is pumped into the fissures of the hot rock through 
injection wells and the hot water is extracted from the production well to operate a total 
power system or a binary power system. For both type of reservoirs the amount of fluid 
extracted should be equal to the amount of fluid that is re-injected into the reservoir for 
continuous operation. Use of organic Rankine cycle heat engines is common in power 
production from geothermal reservoirs, but this type of power system has some limitations 
that are explained in the following section.  
Around the world, there are many undiscovered and therefore under-utilised geothermal 
resources. However, in some areas, there are some geothermal resources utilised 
commercially including in New Zealand and Iceland. In such of these countries, the easy of 
accessibility to these geothermal wells and the high temperature of these wells gave these 
countries a practical basis to generate electrical power up to the present time. Geothermal 
energy has been produced on a scale of hundreds of MW for more than four decades for the 
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purpose mainly of electricity generation and for direct use such as heating. Nowadays, the 
recorded data on geothermal utilization is in about 46 countries in the world providing 
approximately 44TWh/a of the electricity generated in these countries, with the direct use 
amounts approximately 37 TWh/a (DiPippo, 2007) 
Table ‎1-1: Geothermal electricity generation around the world 
 
 
Australia has a significant source of safe, secure, competitively priced, emission-free, 
renewable base-load power for centuries to come (Goldstein, Hill, Budd, & Malavazos, 
2007).  The only geothermal power plant in Australia is in Birdsville, in Queensland and the 
produced gross electrical power is 0.15 MW (SKM, 2005). Recently in 2007, the Australia n 
government took a serious step toward increasing the utilisation of geothermal energy. The 
main concern in Australia with geothermal energy is the low-temperature as usually average 
available temperature is under 150 °C at 5 km depth of more. The step  from the Australian 
government was to give to approximately 27 companies which had applied in Australia-wide 
for 197 licenses to explore, do flow tests or demonstration projects and received government 
grants, some up to $5M (Departmenet of Resources  Energy  and Tourism, 2008). Figure ‎1-2 
shows where the government gave 27 companies the authority to explore the geothermal 
resources. As most of these geothermal resources are considered to be low-grade heat, it is 
not easy to utilise this type of natural resource without developing a reasonably low cost 
technology to generate electrical power. 
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Figure ‎1-2: Australia map shows the geothermal exploration licenses, license applications 
and geothermal gazettal’s 
1.3.3 Waste Heat 
Waste heat is a considerable source of low-grade heat and represents a free source of low 
grade heat directed available to industries. Industrial waste heat is generally unused in 
industries including chemical, mining, oil and gas which produce low to high-grade heat. 
Recycling this type of heat, it could increase energy saving and it could reduce green gas 
emissions. In If extra electrical power is produced, there will be less dependence on external 
electricity supplies and ongoing money saving. Also, if there is spare locally generated 
electricity, it can be supplied to the grid.  
Table ‎1-2, shows an example of the waste energy streams in the USA where the proportions 
and temperatures vary depending on the industrial process. In particular, there is a large 
amount of low-temperature energy from the industrial waste heat as seen in Table ‎1-3 for the 
waste energy stream in the USA. It will be invaluable to utilise this source of heat for some 
applications such as heating or power generation for achieving more economical solutions. 
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If extra electrical power is produced, there will be less dependence on external electricity 
supplies and ongoing money saving. Also, if there is spare locally generated electricity, it can 
be supplied to the grid.  
Table ‎1-2: The proportions and temperatures of the waste energy in USA, (Boddy, 1994) 
Energy Stream 
 
Stream Total Thermal Energy 
Rejection (%) 
Temperature of Stream (°C) 
Condenser cooling water 11 43 
Contaminated process water 17 49 
Condensate 2 82 
Boiler exhaust 9 250 
Furnace exhaust 27 361 
 
Table ‎1-3: Waste energy stream levels in USA, (Boddy, 1994) 
 
*1 Therm = 105.5 MJ 
 
Additionally, there are environment benefits from recycling or utilising this source of the 
industrial waste heat through reduced greenhouse gas emission. Governments around the 
world are becoming aware of globe warming and need to take further steps to reduce 
greenhouse gas emission. Also, use of waste heat is likely to become viable as energy 
becomes more expensive and the likelihood of CO2 taxes being introduced increases. The 
binary power system can be applied to utilise this source of low-grade heat from industrial 
waste heat. 
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1.4 The Current Project 
1.4.1 Binary System 
There are three types of technology currently used to implement the use of geothermal 
energy. The first is single flash steam power plants. They are suitable for high temperatures , 
typically 180 ºC and use cylindrical cyclonic pressure to separate the liquid from the vapour, 
allowing the vapour to rotate the turbine (DiPippo, 2008). The second technology is a dry 
steam power plant. This is the basic power plant for utilizing the hydrothermal fluid directly 
into the turbine. The third technology is a binary cycle power plant. It is suitable for low 
temperatures below 150 ºC. In this technology, the hot geothermal water flows through a heat 
exchanger and exchanges heat with a secondary working fluid – the “binary fluid”, the binary 
fluid for example Iso-pentane or Iso-butane has lower boiling temperature at 1 atm. That 
enables the working fluid to vaporized and drive the turbine. This is closed loop cycle with 
no gas emission generated and this technology is classified as an organic cycle. 
The concept of a binary cycle is to use the heat transfer from the geothermal fluid to a 
working fluid that can be boiled and flashed at a lower temperature than for water  (Teguh, 
Suyanto, & Trisno, 2011). The vaporized working fluid drives the turbine, which is 
connected to a generator to produce electrical power. Then the working fluid is cooled and 
condensed in a condenser to start a new cycle in a close loop. The binary geothermal power 
plant has no emissions because the geothermal fluid is never exposed directly to the 
atmosphere. It is re-injected back to the geothermal well in a closed loop cycle. Binary power 
plants have virtually no emissions but are relatively inefficient. Figure ‎1-3 is a schematic 
view of a typical simple binary cycle. 
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Figure ‎1-3: Schematic diagram of basic binary cycle power plant  
 
The working fluid will have a thermodynamics cycle, which is known as Rankine cycle. As 
shown in Figure ‎1-4, which is known as T–S diagram, the cycle has four reversible processes. 
The diagram illustrates the relationship between temperatures “T” and entropy “S” as follow: 
At point 1 (at feeding pump):  Isentropic compression during which work is performed on the 
cycle working fluid 
From point 1 to point 2: the Isothermal heat is added to the working fluid from heat source. 
From point 3 to point 4: the work W is produced due to working fluid driving the turbine and 
where the expansion occurs. In this cycle it is isentropic expansion because the different in 
entropy is zero, with work produced by the working fluid.  
From point 4 to point 1: the heat rejected in form of Isothermal heat from the working fluid to 
the cooling sink. 
In practical cycle, the cycle is more realistic especially between point 1 to 4 and between 
points 3 to 4. The efficiency increases by minimizing the entropy between points 1 to 2 where 
the work is produced. The diagram in Figure ‎1-4 shows the Rankine cycle in associated with 
Figure ‎1-3.  
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Figure ‎1-4: Rankine cycle used in binary cycle power plant  
 
1.4.2 Thermodynamic Cycles 
1.4.2.1 Rankine Cycle 
The Rankine cycle is the ideal cycle for steam power generation plants (Yunus A. Cengel & 
Boles, 2002). The Rankine cycle consists of four processes; isentropic compression in a 
pump, constant pressure heat addition in a boiler, isentropic expansion in a turbine and 
constant pressure heat rejection in a condenser. Figure 1 shows the processes of Rankine 
cycle on a temperature vs entropy diagram. (Bryson, 2007) concluded that due to the 
limitations in turbine machinery, it is difficult to stop condensation on Carnot cycle at point 3 
Figure ‎1-5 followed by compression to point 4. Therefore, in the Rankine cycle, the working 
fluid used is condensed from point 2 to 3 in order to make it easier to pump the working fluid 
to the boiler.  
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Figure ‎1-5: The T-s diagram for Rankine cycle (Eastop & McConkey, 1993) 
 
Rankine cycle heat engines usually operate using water as the working fluid. The organic 
Rankine cycle (ORC) process works like a Clausius–Rankine steam power plant but uses an 
organic working fluid instead of water. The chosen organic fluid will have a lower boiling 
point than water therefore; it will be able to accommodate low temperature heat sources.  
1.4.2.2 Trilateral Cycle 
The Trilateral Flash Cycle (TFC) is a thermodynamic power cycle where the expansion phase 
starts from the saturated liquid rather than vapour state. Similarly to Rankine cycle, TFC 
consists of cycle processes, as seen in Figure ‎1-6. At point, isentropic compression occurs in 
a pump   where the working fluid is a saturated liquid at T1. Following to point 2, constant 
pressure heat is added into a boiler from point 2 to 3. The working fluid enters the turbine as 
a saturated liquid at T2 at point 2 and goes through an isentropic expansion to point 3. At this 
stage, there is a temperature reduction of the working fluid from T2 to T3 at which T3 is 
ideally the same temperature as T1 The cycle is completed when the working fluid in the 
condenser undergo constant pressure heat rejection before moving back to point 1. 
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Figure ‎1-6: The process of a trilateral flash cycle in a T-s diagram 
 
To avoid the boiling at point 5 to point 1 of Figure ‎1-5, the heat transfer from a heat source to 
a liquid working fluid is accomplished with near perfect temperature matching, thereby 
irreversibility is minimised. Figure ‎1-6shows the configuration of a trilateral flash cycle and 
its process in a T-s diagram. According to (Ian K Smith, 2005), the advantage of TFC is the 
utilisation of heated fluid in passing through the expander which require no forced reduction 
in pressure (to create vapour from the liquid) before work is extracted in the expander. The 
thermal efficiency for the TFC, although, is lower than the Carnot and Rankine cycles at the 
given same source and sink temperatures, the ability to extract and convert the thermal 
energy to mechanical energy is greater for the TFC other two cycles (Ian K Smith, 2005).  
 
1.4.3 Reaction Turbine 
Employing the reaction turbine in binary cycle can improve the heat extraction process more 
effectively for the future sustainable energy sources. The benefit of using the reaction turbine 
is to increase the efficiency of the energy conversion technology in binary power system for 
extracting the most powerful from the low grade heat. This approach is the second core 
concept adopted in this research for improving the power generation process. In this research, 
a novel concept of incorporating reaction turbine into the binary cycle power plant has been 
implemented to improve the electrical power generation. The advantages of utilising reaction 
turbine for power generation are as follows: 
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• The reaction turbine has a larger volumetric expansion ratio compare to the current 
twin screw expander. 
• Novel idea to be engineered in the binary system for the first time with TFC. 
• To increase the efficiency of binary power plant by reducing the mechanical losses. 
For example, there is less moving parts which attributed to lesser frictional loss. 
• To reduce the cost of binary power plant technology due to simplicity in 
manufacturing and lesser components for assembly. 
• Reaction turbine has higher rotation speed (>5000 rpm).  
• The prospect for further development on the reaction turbine for greater heat 
extraction efficiency in the future.  
Also, a summary of a comparison between the screw expander and the reaction turbine is 
listed in Table ‎1-4  
Table ‎1-4: Comparison between screw expander versus reaction turbine 
Screw Expander 
 
Reaction Turbine 
 
 Limited expansion ratio (e.g., 1:4). 
 Production cost is high. 
 Lower rotation speed < 3000 rpm. 
 High mechanical frictional power loss. 
 Variable expansion ratio (e.g., 1:15). 
 Production cost is low. 
 Higher rotation speed > 3000 rpm. 
 Low mechanical frictional power loss. 
 
Reaction turbine is a novel idea to be engineered in the binary system for first time with TFC 
and will increase the productivity of binary power plant. It has a large expansion ratio, a low 
maintenance cost and high rotational speed more than 3000 rpm as shown in  
This type of simple reaction turbine utilises the static head available in the working fluid and 
converts it to dynamic head with the converging nozzles, which are an integral part of the 
rotor. The change of momentum of the fluid in the nozzle gives rise to a reaction force, which 
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causes the rotor to rotate. Working fluid under pressure enters the turbine axially from the 
stationary inlet pipe and leaves the rotor nozzles radially with high relative velocity (Date & 
Akbarzadeh, 2010). 
 
1.4.4 Trilateral Cycle and Reaction Turbine in Binary System 
In this research, the combination of TFC as a thermodynamic cycle, and reaction turbine as a 
power extraction will be presented in the proposed binary power system. TFC has the ability 
to recover more thermal energy from the available heat source and increase the power 
production from the binary power system. In order to convert the recovered thermal energy 
into work, the selection of an efficient expander is the one of the prime design criteria for this 
proposed binary power system. The selected expander in this research is the reaction turbine. 
This turbine is very effective with TFC in binary power system to produce more power than 
other expanders. The proposed schematic design is shown in Figure ‎1-7. 
 
Figure ‎1-7 : Schematic diagram of proposed TFC employing reaction turbine 
 
As seen in Figure ‎1-8 and Figure ‎1-9, the amount of heat transferred into the system is 
different for ORC (Figure ‎1-8) and for TFC (Figure ‎1-9). In this example, the amount of heat 
transfer for ORC is 630 kW while it is 2100 kW for TFC, under the same heat supplied 
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condition of 95 °C from the hot source (geothermal source). The reason is that ORC has 
undergone phase change from saturated liquid to saturated vapour, while the TFC is just 
utilising the sensible heat of the working fluid. Consequently, the working fluid is still in the 
form of “saturated liquid”. As greater amount heat is recovered by TFC, there is a need to 
incorporate an effective expander (in this case is reaction turbine) to the binary power system 
for converting the large amount of recovered heat into useful work efficiently. 
 
 
 
 
Figure ‎1-8 : Schematic diagram of ORC with heat input 95°C and the calculated heat input 
transferred into Binary power system  
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Figure ‎1-9: Schematic diagram of TFC with heat input 95°C and the calculated heat input 
transferred into Binary power system 
 
1.5 Motivation 
The motivation behind this research is driven by the desire to improve the existing energy 
recovery technologies and enable them to extract the large amount of renewable energy 
efficiently, especially from low-grade heat sources. Most of these technologies are suited for 
high temperature resources and the available technologies for the low-grade heat are 
expensive. Combination of TFC and reaction turbine in binary system will be better 
techniques to offer better operation with lower cost and wider utilisation of the current 
resources. 
As mentioned previously, utilisation of TFC and reaction turbine in binary power system can 
improve the thermal-mechanical conversion efficiency. TFC has the ability to recover more 
heat from the hydrothermal resources, which can increase the power generation.  Also, there 
is need to decrease the green gas emissions for the environment and this can be achieved by 
using the proposed binary power system in this research. A case study will be presented in 
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this thesis to examine the possibilities of improving the existing binary power systems by 
applying the proposed TFC-Reaction turbine.  
A number of factors have been identified that may improve the power production of the 
binary power system. These factors are: 
 Rotational speed of the reaction turbine. 
 Optimum design of the new reaction turbine. 
 Low temperature resources. 
 The working fluid in the binary power system 
 
1.6 Research Method 
The research method was based on conducting a literature review from previous published 
articles, books and thesis. It has two main parts, first is to conduct on the theoretical analysis 
and second part is to design and manufacture the reaction turbine before proceeding to the 
experimental validation. 
A mathematical model of the simple reaction turbine was established in order to calculate the 
optimal turbine design magnitude for the given parameters. This mathematical model can 
also predict the outcome performances at different rotational speeds including powers and 
efficiencies. The new innovated design includes major and minor modifications to be fitted 
instead of the current screw expander. Then a design of the new turbine will be manufactured 
in RMIT University which will be installed in the binary power system for testing and 
analysis. The aim of the experimental validation was to measure the performances of the 
newly experimental setup using the reaction turbine with TFC in binary power system on 
laboratory scale. The test will be run at different rotational speeds with differentiation the 
electrical load. To simulate the conditions of low grade heat, variation of the heat source 
temperatures within the low grade heat range will be conducted in the experiment. 
Finally, the new designed reaction turbine was tested with TFC for improved performance 
and characterised. A case study of a binary power plant in Birdsville, Queensland, Australia 
was studied in this research with new proposed design. 
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1.7 Research questions:  
The research questions addressed this thesis are:  
1. How can a trilateral cycle heat engine perform with binary working fluid system? 
2. What is the thermal performance of a screw expander with Rankine cycle and 
Trilateral cycle heat engine?  
3. What is the thermal performance of a simple reaction turbine with Rankine cycle and 
Trilateral cycle heat engine?  
 
1.8 The research contribution  
Most of the published literature reviews on the usage of ORC as a thermodynamic cycle in 
binary power applications, especially for electrical power generation using low grade heat. 
The literature review is more emphasis on using TFC as an effective thermodynamic cycle to 
utilise more thermal energy from low grade heat. In this research, a combined TFC with 
reaction turbine were introduced and studied. 
In this research, TFC as a thermodynamic cycle and reaction turbine as a power extraction 
will be presented in the binary power system for the first time. TFC has an advantage of the 
ability to recover more thermal heat from the heat source. This can increase the power 
production from the binary power system. However, there is a need to convert the large 
thermal heat from TFC by a proper expander. The proposed expander in this research is the 
reaction turbine. This turbine could be very effective with TFC in binary power system to 
produce more power than other expanders 
Reaction turbine is a novel idea to be engineered in the binary system for first time with TFC 
and would increase the productivity of binary power plant. It has a large expansion ratio, a 
low maintenance cost and high rotational speed more than 3000 rpm. Table below shows the 
comparison of current expander and reaction turbine. 
This type of simple reaction turbine utilises the static head available in the working fluid and 
converts it to dynamic head with the converging nozzles, which are an integral part of the 
rotor. The change of momentum of the fluid in the nozzle gives rise to a reaction force, which 
causes the rotor to rotate. Working fluid under pressure enters the turbine axially from the 
stationary inlet pipe and leaves the rotor nozzles radially with high relative velocity. 
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1.9 Thesis Outline 
Chapter 2: The Literature Review 
This chapter presents a detailed literature review on the thermodynamic cycles which are 
Carnot cycle, Rankine cycle, Trilateral cycle and binary power systems. The review also 
includes the current developments of the expanders and reaction turbine.  
Chapter 3: Theoretical Analysis and Development of Computer Modelling 
This chapter discusses on the theoretical models of two-phase flow and trilateral cycle of 
thermal system. Some formulae are developed in this chapter using different methods. In 
addition, the factors affecting the efficiency are discussed for the TFC system and some 
deeper theory is addressed and an attempt to describe the nozzle flow is explored. 
Chapter 4: New Laboratory Set up and The Design and Manufacturing of Reaction 
Turbine  
The chapter presents the design of the reaction turbine, constructional details and test 
procedures in the laboratory. The procedures on the test prototype are specifically explained 
in this chapter.  
Chapter 5: Experimental Procedure, Results and Analysis 
The first test is to explore the practical feasibility of this new concept of TFC. Two kinds of 
heat sources are introduced in this chapter and corresponding economic analysis is carried 
out based on practical application. 
The experimental procedures, results and analysis of experiments will be presented in this 
chapter. The second test is a comparative study between the utilisation of screw expander and 
reaction turbine in binary power system. The experimental procedures include testing the 
binary power system prototype on both cycles (ORC and TFC) with screw expander and the 
new designed reaction turbine with TFC. 
Chapter 6: Case Study (Birdsville Geothermal Power Plant)   
In this chapter, a case study is presented to relate this research from the point of applying the 
new proposal to an existing project in reality. The case study is based on a current binary 
power plant using a geothermal resource in Australia, the Birdsville Geothermal power plant. 
Currently, it is the only geothermal power plant operating in Australia where it produces 
approximately 120 kW of electrical power from 98ºC geothermal energy resources. In regard 
to the proposed binary power system using reaction turbine, this geothermal power plant is 
able to produce more electrical power by adopting the new TFC instead of the current ORC, 
or by cascading the current ORC with a new TFC for more effective energy extraction. 
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Chapter 7: Conclusions and Future Recommendations: 
This chapter concludes the analysis of the binary power system using the reaction turbine in 
the Trilateral Flash Cycle. In addition, some recommendations for system improvements and 
future work are presented. 
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2.1 Introduction about Yielding Low-Grade Heat by using binary  
In this chapter, an extensive literature review has been conducted on the reaction turbine, 
Trilateral Flash Cycle (TFC) and the binary power system.  At the end of this chapter, the 
rationale of this study will be discussed on the main objective of this research. 
Recovering energy from the great abundance of low-grade heat is one of the considerable 
solutions for increasing the renewable and clean energy resources.  
Presently, binary power system is the main applicable technology for converting low grade 
heat into electricity. This method is mostly utilised in geothermal energy, solar thermal and 
industrial waste heat recovery applications. Nowadays, Organic Rankine Cycle (ORC) is the 
most commonly known technique to be applied as a binary power system in the industries. It 
is a mature technology to exploit geothermal energy resources around the world.  
It is important to explore the possibilities of other methods to improve the existing binary 
power system efficiency by applying another thermodynamic cycle such as Trilateral Flash 
Cycle (TFC). TFC has an advantage over ORC in recovering more heat from the low-grade 
heat source. However, TFC is still not a mature method to be applied in binary power system 
as ORC. This is due to the poor performing expander which is unable to convert the 
enormous thermal heat in TFC effectively.   
In this chapter, a literature review will be presented to highlight the historical work done by 
other researchers. A review about reaction turbine will be included as a proposed expander to 
be cascading with TFC in binary power system. This follows by a discussion on TFC as an 
efficient thermodynamic cycle in the binary power system. The history and thermodynamic 
theory of Carnot cycle will be covered in this chapter. Advancement in the design and 
manufacturing of the expander (used in the binary power system) has improved significantly 
over the years. The advancements have made the goal of a sustainable and a cheap power 
generation production of electricity from low grade heat possible. 
Working fluid in Binary power systems has the main influence on the thermal efficiency and 
the productivity. Some characteristics of the working fluid are important for selecting the 
proper working fluid such as high thermal conductivity, thermally stable, compatible with a 
wide range of materials, low toxicity and other characteristics will be discussed in this 
chapter. 
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2.2 Heat Engine Principle applied in Low Temperature Binary power system 
Work might be changed over effortlessly into different types of energy; in any case, changing 
over different manifestations of energy, for example, high temperature is not as simple as 
changing over work. Keeping in mind that the main goal to change over high temperature 
into work obliges the utilisation of uncommon gadget called heat engine, which is the main 
concept of binary power system in thermodynamic. (Kolin, 1972) 
In 1972, Kolin had a well establishment in developing the heat engines and understood 
thermodynamic principles (Kolin, 1972). The heat engine as per (Eastop & McConkey, 
1993), is defined a “system which operates continuously and across whose boundaries flow 
only heat and work”.  This sort of framework works by getting high temperature from a 
high-temperature source, and afterward changing over a piece of this hotness into work 
where the remaining waster heat are then rejected into a low-temperature sink (Eastop & 
McConkey, 1993). This system works on a cyclic arrangement, it normally includes a liquid 
to and from which high temperature is exchanged. This liquid is known as the working liquid 
(see section ‎2.7). 
Figure ‎2-1 demonstrates the essential idea of high temperature heat engine principle based 
on Qin as the heat transferred into the heat engine. The heat engine produces mechanical 
energy in term of Wout and heat rejection in term of Qout. 
 
 
 
Figure ‎2-1: Schematic diagram of a heat engine principle  
 
Sink
Heat Source
Heat 
Engine 
Wout
Qout
Qin
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With reference to the first law of thermodynamics (Yunus A Cengel, Turner, & Cimbala, 
2012), all heat engines system apply the standard of conservation of energy. This principle is 
where the energy from the high temperature source must be equivalent to the total of the 
work yield and the heat rejected, as a result in an equation form:  
 
                     (2.1) 
 
 
                              (2.2) 
 
From the above equation and according to (Bryson, 2007), the work yield from this system is 
due to the change of energy taken amid heating than less that discharged during cooling. This 
is the main principle that all heat engines are based on and including the Organic Rankine 
Cycle Heat Engine and Trilateral Flash Cycle heat engine.  
Currently, heat engine is the most efficient device to generate electricity from thermal 
resources at a reasonable cost. With the improvement of new heat engine cycles and 
strategies for operation, the utilisation of lower temperature sources for power generation 
might become more financially feasible in the near future. 
Redesigning the fundamental of the cycle parameters in binary power systems will be the 
solution for improving this well-known technology. The main components involved are 
expanders, electrical generators, heat exchanger, condenser and the working fluid.  
In the following chapter, a detailed theoretical modelling of the redesigned reaction turbine 
will be the vital core of this project. The modelling includes the development of the power 
utilisation in the heat engine and TFC as the thermodynamic cycle.   
 
2.3 The Carnot Cycle  
The four ideal reversible processes of Carnot cycle situate this thermodynamic cycle as the 
ideal cycle and the benchmark for all other cycles. The temperatures between the heat source 
and the heat sink are constant in Carnot cycle. It has an ideal working fluid to circulate within 
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the cycle in four perfect processes represented in temperature-entropy (T-s) diagram as seen 
in  
Figure ‎2-2. Where the efficiency of this thermodynamic cycle is based on the highest 
performance of the individual processes in order to the cycle can be performed perfectly. By 
using reversible processes, the total cycle efficiency can be maximized when using the least 
amount of the work to deliver the most of it in this cycle. 
Carnot cycle is formed by the four reversible thermal processes; an isentropic expansion, an 
isentropic compression and two isothermal processes. Practically for the same temperature 
reservoirs, however, due to wasted work from the irreversibility in the cycle, half of the 
thermal efficiency of the Carnot cycle can only be achievable (T. D. Eastop & A. McConkey, 
1993).  
 
 
 
Figure ‎2-2 : Carnot cycle in T-s diagram (Eastop & McConkey, 1993) 
 
From engineering point of view, Carnot was the first to develop a thermal model which can 
be applied to the heat engine. Theoretically, the Carnot cycle is called Carnot heat engine 
where the Carnot cycle is being applied on the heat engine.  
The Reversible Processes in Carnot Cycle:
Stage 1  2 : Isentropic Expansion from T1 to T2
Isentropic Compression from T2 to T1
Stage 2  3 : Isothermal Heat Rejection
Isothermal Heat Supply
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In order to calculate the thermal efficiency for Carnot heat engine and other types of heat 
engines, it is specified as the net-work output divided by the gross of heat supplied to the 
working fluid. The thermal efficiency can be expressed in this equation as following: 
         
    
   
             (2.3) 
Where:  Wout = Qin - Qout                             (2.a) 
By applying equation (2.a) in equation 1 for the value of Wout, then:  
           
    
   
                                   (2.4) 
Where,   = efficiency of conversion 
W = work output 
Q = heat transfer     
 
Kelvin-Planck declaration expressed that because of some amount of heat had to be rejected 
back into the sink to operate and it can be seen that the efficiency of a heat engine can never 
actually reach 100% (Abbott, Smith, & Van Ness, 2005).  
From equation number 4,          
(     ) (     )
(     )
                          
    (6 it can be demonstrated that it is impossible of any real engines to 
achieve the 100% efficiency. The maximum theoretical efficiency can be achieved for any 
heat engine cannot be more than the Carnot efficiency and thus the Carnot cycle is useful as a 
benchmark for other heat engine cycles. Because Carnot cycle is based on perfect condition, 
it is impossible to achieve  perfect condition in the real situation of any operating heat engine 
(Yunus A. Cengel & Boles, 2002). 
According to the research conducted by Carnot, he reported that “The attempts made to 
approach this result would be even more harmful than useful, if other important 
considerations were neglected” (Kolin, 1972). These statements were important to consider 
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further developing of other cycles for the heat engine in order to achieve the most possible 
efficiency as per the current technology.  
 
2.4 Rankine Cycle 
As Carnot cycle is assumed as an ideal theoretical thermodynamic cycle but it is impossible 
and difficult to design the Carnot cycle practically. On the other hand, the development of 
Rankine cycle is considered as the practical thermodynamic cycle in binary power system. 
Rankine cycle is the ideal operating cycle (Yunus A. Cengel & Boles, 2002) since the 
periods of steam power generation. Rankine and Carnot cycles are similar in terms of the 
four processes which are the isentropic compression in a pump, constant pressure heat 
addition in a boiler, isentropic expansion in a turbine and constant pressure heat rejection in 
a condenser. However, Rankine cycle is lower in the efficiency due to the irreversibility and 
not ideal as compared to Carnot cycle. Because of the irreversibility in Rankine cycle, the 
Rankine cycle efficiency is always lower than the Carnot cycle efficiency (Eastop & 
McConkey, 1993). 
Figure ‎2-3 illustrates the fundamental of Carnot cycle with consideration of water as the 
working fluid. The steam, water vapour, at point 3 depicted in is the mixture of saturated 
liquid and saturated vapour and the temperature is T2. Due to the limitations of the turbine 
machinery, it is hard to avoid condensation at point 3 before compressing the saturated 
mixture fluid to the state at point 4 where the temperature is T1. As there are proven benefits 
in Rankine cycle, the condensation process is allowed to reach its completion as it is seen in 
Figure ‎2-4.  
In Rankine cycle at point 3 and before point 5, as the working fluid is in sub-cooled phase, it 
can be more easily pumped up to a higher pressure. At point 4, the fluid is not at saturation 
temperature and result ineffective heat exchange within the heat exchanger at its pressure. 
For that reason, the heat must be transferred to the saturated liquid at point 5, where the 
pressure is constant but not the temperature.  
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Figure ‎2-3 : Carnot cycle on T-s diagram (Eastop & McConkey, 1993) 
 
 
Figure ‎2-4 : Rankine cycle on T-s diagram (Eastop & McConkey, 1993) 
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The thermal efficiency of Rankine cycle is based on the same principle with Carnot cycle. 
The thermal efficiency can be derived from equation 1 and shown as follows:  
 
         
       
   
          (2.5) 
          
(     ) (     )
(     )
                             (2.6) 
 
It is noted that standard Rankine cycle operated by using water as a working fluid will limit 
any the operating condition where the thermal source is below 180 
0
C (SKM, 2005). Hence, 
for low grade thermal source below 150 
0
C, water is impossible to be the working fluid 
unless under considerable vacuum environment by modification to the operational cycle.  
By replacing water with another fluid that has lower saturated temperature at atmospheric 
pressure, the Rankine cycle can be operable using low grade heat sources. Most of 
hydrocarbon organic fluid can be boiled at lower temperature and some of these fluids are 
successfully used in binary power system. The term ‘Organic Rankine Cycle (ORC)’ was 
given due to the implementation of  organic fluid into Rankine cycle (Ian K Smith & 
Marques, 1994). The cycle has the same components like in Rankine Cycle but require some 
tailoring of the cycle parameters in order to operate with low grade temperature resources. 
The first industrial ORC to utilise the low grade heat was in 1960 (Sawyer & Ichikawa 1980, 
p. 630). In 1987, Tabor and Bronicki conducted research on utilising 4 kW solar turbine by 
using ORC. As a result with the successful results from their research that helped them to 
modify commercial ORC with Italian company, Ormat, to build up ORC until today (Garg, 
1987).  Nowadays, Oramt manufactures ORC systems for geothermal and waste heat 
recovery at mutli-MW thermal energy level. (Ormat, 2006). 
 
2.5 Trilateral Flash Cycle (TFC) 
In TFC, the expansion starts inside the expander from saturated liquid phase instead of 
saturated vapour phase. TFC is similar to ORC as it consists of four processes as seen in 
Figure ‎2-5. The processes start by compressing the working fluid by a fluid pump at point 1 
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and the working fluid is in a saturated liquid phase at T1. At point 2, the working fluid is 
maintained at constant pressure and heat is added in the heat exchanger from point 2 to point 
3.  Then the working fluid enters the expander in form of a saturated liquid at point 3 and T2, 
and the isentropic expansion at point 4 is occurred. During expansion, the temperature and 
pressure of the working fluid decrease simultaneously. Following that, the working fluid 
enters the condenser for condensation before entering to the pump for compression, where it 
forms a new cycle. The new cycle of the working fluid starts at T1 and low pressure, just 
before the stage of isentropic compression process at point 1.   
TFC has been known to be immature thermodynamic cycle. However, it is a promising 
thermodynamic cycle to be applied in binary power system for high thermal energy recovery 
compare to other cycles. In 1973, Austin was first researcher to work on the novel triangle 
cycle and he called it Total Flow as a concept for maximising the power utilisation from 
geothermal energy (Liangguang, Zhian, Wenbo, Fengbiao, & Canren, 1989). 
The first independent development of the concept for recovering heat from low grade heat 
resources was done by Smith in 1981. His publications focused including extensively on the 
principle of Trilateral Flash Cycle (Ian K Smith, 1993). 
In 1992, Smith investigated extensively about the principle of Trilateral Flash Cycle (TFC) 
(Ian K Smith, 1993; I. Smith, 1992). He developed a power system to minimise the energy 
wastage to deliver water vapour for rotating the steam turbine during the flashing of 
geothermal water resources at low temperature.  
The main advantage of TFC is the utilisation of hot liquid instead of vapor in the expander 
which no extra force reduction is required to change the phase from liquid to vapour. The 
amount of energy conversion from thermal energy to mechanical energy in TFC is more 
impressive than Rankine Cycle or even Carnot cycle (DiPippo, 2007). This is due to the 
ability to extract superior sensible heat with no supplementary energy required for phase 
change from liquid to vapor in TFC at the heat exchanger section. However, the thermal 
efficiency for TFC is still lower than the efficiency of other two cycles, Rankine and Carnot 
cycles.  The main reason is due to the lack of an effective expander in TFC for extracting 
mechanical energy from higher thermal energy sources (Ian K Smith, 1993).  
According to Smith (I K Smith, 1999; Ian K Smith, 1993), cascading Carnot cycles with 
boilers at progressively lower temperatures would be required for binary power system when 
replicating TFC using Carnot Cycle. The maximum power cycle based on cascading TFC and 
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Carnot cycle would maximize the power to its maximum, as examined by (Ibrahim & Klein, 
1996). 
However, this sort of cascading is tremendously complex to be manufactured and difficult to 
be maintained. Smith aimed to simplify the heat matching between the heat source and the 
working fluid with a non-complicated machine (I. Smith, 1992). 
 
 
Figure ‎2-5 : TFC in T-s diagram (Fischer, 2011) 
 
In 2008, Zamfirescu and Dincer proposed the ammonia-water trilateral flash Rankine cycle. 
The working fluid used in the study was mixture of ammonia and water for heat source of 
150 °C. They mentioned that TFC has two advantages to be an attractive thermodynamic 
operated cycle. First, it could match the temperature profiles with the heat source an ultimate 
mode. In second, the TFC could operate at reasonable pressures where the operated pressure 
is implemented economically feasible for the low-power applications (Zamfirescu & Dincer, 
2008). The proposed trilateral Rankine cycle comprised four elements corresponding to four 
processes which are: the pump, the two heat exchangers for reabsorber, working liquid heater 
and the expander as seen in Figure ‎2-6. These processes can be represented on the T-s 
diagram as shown in Figure ‎2-7. The main outcome from this study found out that the 
trilateral flash cycle outperformed the considered Kalina cycle and Organic Rankine cycle by 
36 
 
an increment of 7 % under similar operating parameters. That was due to the ability of TFC 
to recover most of the heat from the heat source.  
 
 
Figure ‎2-6 : The trilateral flash Rankine cycle proposed by Zamfirescu using mixture of 
ammonia – water as working fluid (Zamfirescu & Dincer, 2008) 
 
 
Figure ‎2-7 :The T-s diagram of the proposed cycle by Zamfirescu  (Zamfirescu & Dincer, 
2008) 
In TFC, the temperature matching is at its highest and for this reason; the power utilisation is 
higher than other cycles due to higher heat extraction. With reference to Figure ‎2-4, by 
avoiding boiling process at point 5 until point 1, the heat transfer from heat source via heat 
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exchanger to the working fluid is achieved with almost the best temperature matching and the 
lowest irreversibility. In Figure ‎2-5, the configuration of TFC and its process in the T-s 
diagram is shown and it can be noticed at point 3 where the working fluid flashes inside the 
expander at its saturated liquid phase  (Fischer, 2011) & (Wang, 1998). 
The thermal efficiency for TFC then can be calculated as per T-s diagram in Figure ‎2-5 as 
follows:  
 
              
 
 
[  (     )    (     )]    (     )  (2.7) 
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Where        
       
            
 
                         
            
              (2.9) 
 
By subtitling equations (2.7) and equation (2.8) in equation (2.9), the thermal efficiency can 
be found in the following equation:  
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2.6 Expander Development  
The efficiency of the binary power system can be improved by many methods, one of the 
methods is to develop the thermodynamic performance by improving the efficiency of each 
components. As the trilateral showed great advantage of increasing the heat recovery from 
heat source, however, there is a need to develop an effective expander to increase the power 
utilization radically due to the pressure difference of the working fluid.  
The expander is the major unit in the binary power system to extract the power and by 
improving its efficiency the total thermal efficiency will be increased gradually. During the 
history, many researchers worked on developing the conventional steam power plants and 
still the improvements continue. However, it is recognized that hydro-dominated sources 
could be developed competitively by using capable two-phase expanders. Recently, smith 
and his group worked on this concern in order to establish good achievement on this unit 
(Ian K Smith, 2005; I. Smith & Stosic, 2001).  
Screw expander was one the new designs to improve the thermodynamic performance of the 
binary power system with Rankine cycle as an example (Hanjalić & Stosic, 1997; 
Kovacevic, Stosic, & Smith, 2001). Although, this expander is not suitable to be applied 
with Trilateral flash cycle (Ian K Smith, 2005; Ian K Smith, Stosic, & Aldis, 1996; I. Smith 
& Stosic, 2001; Taniguchi, Kudo, Giedt, Park, & Kamazawa, 1988). In this research, a 
proposed expander will be introduced to be replacing the screw expander in binary power 
system. The reaction turbine is the proposed expander which has the ability to work on 
extracting the high pressure difference in TFC. 
 
2.6.1 Introduction about Reaction Turbine: 
The basic principle of the reaction turbine is the working fluid fills all the passageways 
completely where the impeller is placed and any pressure drop or volumetric change will take 
place in the impeller (Daugherty, 1954). 
According to White, the energy can be converted during the pressure drop in the rotating 
wheel when the flow demonstrates the reverse characteristics to a pump. As in the pump, the 
fluid enters a passage at the larger end and leaves from the smaller end (White, 1986).  
An earlier pioneer of the outflow reaction turbine was by Barker’s Mill in 1954. In his 
project, he built a rotor with a top inlet where the fluid, water, enters the centre of the rotor 
and then a reaction force will be created due to the fluid exits the nozzles tangentially. A 
movement due to the opposite direction of the exit nozzle is happened and causing a 
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movement on reverse direction and letting the rotor spins about a defined axis. As a result 
from this rotational movement, the power can be generated as seen in Figure ‎2-8 (Daugherty, 
1954). 
 
 
 
Figure ‎2-8 : Outflow-reaction turbine by Barker’s Mill (Shepherd, 1956)  
After the earlier outflow reaction turbine by Barker’s Mill, Francis, Fourneyron and Thomson 
are more efficient and more improved reaction turbines which have been invented later. 
According to Duncan (Duncan, 1970), the reaction turbine after years and years have seen 
some modifications but these modifications were not enough to make the reaction turbine 
practically considered for advance utilization.  
On the other hand, Akbarzadeh et. al. (Akbarzadeh, 2001) have considered that the earlier 
reaction turbine was not investigated with further studying to be economically efficient to be 
utilised for power generation. He has studied in the past decade with his group of 
postgraduate students the reaction turbine designs. The basic principle that he built his study 
was on the sprinklers reaction turbine to take the design for more advanced and more creative 
simple reaction turbine (Quek, 2001; W. Quek, 2003; Webb, 1999). The radical outcome 
from these studies resulted an improved performance after identifying the improved 
characteristics of this new simple reaction turbine for improved performance and 
manufacturing simplicity (Date & Akbarzadeh, 2009). 
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2.6.2 Literature review and background about Reaction Turbine 
For more than hundreds of decades, many developing ways of extracting and converting 
energy using water were developed by human being over more than hundreds of decades. 
Before 2000 years ago, Hero was a Greek mathematician from Alexandria who invented 
“Aeolipile”, it was the first reaction turbine driven by steam. It was basically worked on the 
basic reaction principle of Newton’s third law of motion as known today. Where the 
Newton’s third law of motion is: “for every action, there is an equal force and opposite 
direction”. Jet propulsion is another example of Newton’s third law of motion. Wherein, the 
jet propulsion is a method of using the reaction produced by the fluid acceleration when the 
fluid moves through the nozzles.  
The big revolution from developing the mechanical reaction turbine had been seen in the last 
two centuries when several of successful applications for power generation were developed.  
The water turbines were the outcome from these developments in the technology (Daugherty, 
1954; Duncan, 1970). One of the water turbines is the reaction turbine; it is used today in 
most of the conventional hydro turbines power arrangements. An English engineer in the late 
17
th
 century, Mr. Barker Mill was the first to reinvent and to modify the Hero’s turbine 
design to be utilised with potential energy by using stored water in dam or reservoir, which is 
known today as Barker’s mill (Daugherty, 1954; Duncan, 1970).  
 
2.6.3 Reaction turbines 
As mentioned before that the basic principle of the reaction turbine is the working fluid fills 
all the passageways completely where the impeller is placed and any pressure drop or 
volumetric change will take place in the impeller (Daugherty, 1954). In schematic Figure ‎2-9, 
the rotational movement due to the opposite direction of the exit nozzle is occurred and 
producing a movement on reverse direction. Then the rotor starts to spin via its axis and the 
power can produced, as seen in (Wilson, 1974).  
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Figure ‎2-9: Schematic drawing of the Barker’s Mill reaction turbine (Wilson, 1974)  
In 1949, hydraulic engineer James B. Francis invented the first well-designed inflow pure 
reaction turbines, Figure ‎2-10; and subsequently, all in flow turbines are now known as 
Francis turbines (Harvey, 2005). Recently, Francis turbine has been some innovative 
improvement on the runner to result in a mixed-flow Francis turbine and the runner can have 
both radial and axial components. The Kaplan turbine is the axial turbine and it is propeller 
type, Figure ‎2-11. where the blades of Kaplan can be adjusted or fixed for suitable loads 
(Daugherty, 1954). In order to minimise the exit velocity and to create less vibration and 
bustle, Francis turbines have adjustable vanes (wicket gates). Kaplan turbine is slightly 
different in the aspect, although, it has adjustable blades and it can even be adjusted through 
gearing during operation of the machine. In addition, Kaplan turbine is more complex than 
then Francis turbine but it is known to be more efficient for part loading at low power settings 
(Duncan, 1970). 
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Figure ‎2-10: The Francis Turbine – in-flow reaction turbine by James Francis (Harvey, 
2005) 
 
 
Figure ‎2-11: Kaplan Turbine (Harvey, 2005)  
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2.6.4 Simple reaction water turbine: Barker’s Mill turbine 
According to (Shepherd, 1956), Hero of Alexandria was the first ever in history recorded 
outflow turbine before almost 2000 years ago. The Hero’s turbine has a solid hollow metal 
sphere with couple of nozzles. These nozzles are opposite in the direction to each other 
tangentially to the sphere along the same axis as seen in Figure ‎2-12. The Hero’s turbine is 
connected to a sealed boiler which produces steam via two tubes at the top of the boiler and 
allowing the steam flows to the sphere. When the steam flows into the sphere and exits via 
the nozzles, a momentum reaction is produced and the sphere starts to spin. This turbine did 
not produce any power but Hero used to demonstrate that steam power could be used to 
operate machinery.  
 
 
Figure ‎2-12: Hero’s turbine (Shepherd, 1956)  
 
In 1740, Robert Barker reinvented the simple reaction turbine and it is known today as 
Barker’s Mill turbine. This turbine had the same characteristics of Hero’s turbine excluding 
that the source was water instead of steam. The preliminary design of Barker’s Mill turbine 
shows that the turbine is fed by water into the top of the turbine and that caused the rotor to 
rotate as seen previously in Figure ‎2-9 (Wilson, 1974). 
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In 1775, a further improvement on the reaction turbine were made by M 1’Abbe’ Pupil; these 
modifications included the entry point of the fluid and resulted a bottom entry instead of top 
entry as seen in Figure ‎2-13. 
 
 
Figure ‎2-13: Pupil’s Reaction Turbine (Wilson, 1974) 
 
By 1832, James Whiteland suggested some development to Barker’s Mill turbine  
(Whiteland, 1832). 
Later on in 1839, the “Scotch Mill Turbine” was invented by James Whitelaw and this 
turbine had relatively similar characteristics to the Barker’s mill but excluding the nozzle arm 
in his invention Figure ‎2-14. He, Whitelaw, redeveloped the arm making it curve and as a 
result of this development a higher velocity was created and the efficiency could be increased 
as well (Wilson, 1974). 
 
Exit 
nozzles 
Inlet 
nozzle
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Figure ‎2-14 : Whitelaw’s Mill (Wilson, 1974) 
 
In the following years, Francis, Fourneyron and Thomson invented better and more efficient 
turbines. Wherein, Barker’s Mill was considered to be obsolete and not economically suited 
to be used any further (Duncan, 1970).  
In 1978, House also evaluated and investigated experimentally another modified reaction 
turbine. He redesigned a 0.4 m diameter rotor for a radial out-flow reaction turbine with 
pressure of 24 bar saturated liquid at inlet nozzles as seen in Figure ‎2-15 (House, 1978).  
 
 
Figure ‎2-15: The radial-out flow reaction turbine used in geothermal energy application 
(House, 1978) 
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Leo in 1959 conducted some research and study on reaction turbine. Where he utilised low 
temperature steam as working fluid. No further research had been reported by Leo on two 
phase reaction turbine  (Leo, 1959). 
In the recent decade, Akbarzadeh reviewed the initial design of Hero’s turbine and his 
analysis was published under a topic of “parametric analysis of the simple reaction water 
turbine” (Akbarzadeh, 2001). As a result from his review, the analysis argued that the simple 
reaction turbine needs for further study and research. Akbarzadeh in his article had 
comprehensively described on the main geometrical and operational parameters, and had 
developed extensively governing equations for the ideal case of non-friction loss. He used the 
principles of conservation of momentum, mass and energy to develop the governing 
equations and these equations were expressed in non-dimensional structure. It is shown that 
for the case when the turbine is stationary, the maximum torque produced and the net power 
is zero. The reaction turbine starts to spin and the power is produced once the load torque is 
decreased. In addition, the mass flow rate of the water through the reaction turbine increases 
during acceleration and that is due to the centrifugal pumping effect. The load torque 
decreases as it is related and affected by the increase in the rotational speed of the reaction 
turbine, the output power, the mass flow rate and the efficiency. Because of this condition, 
the efficiency of the reaction turbine approaches unity (Akbarzadeh, 2001). Akbarzadeh built 
two models of simple reaction turbines with his undergraduate students in their final year 
projects (Quek, 2001; W. Quek, 2003; Webb, 1999). As seen in Figure ‎2-16, these turbine 
rotors had water passageways grove machined in a solid metal disk by using a CNC 
machining process. Quek tested a 400 mm diameter reaction turbine rotor and that rotor had 
exit nozzle area of 0.0003125m²  (W. Quek, 2003).  
However, in the previous research study by Quek, it was relatively expensive and 
complicated to manufacture the reaction turbine rotor as it required a very high skill and 
specialised machinery. Also, as it is seen Figure ‎2-16, the converging and diverging of water 
is happened just before the exit nozzles. The results from the experimental validation for both 
reaction turbines models conducted by Quek (W QUEK, 2003) revealed a low turbine 
efficiency of about 45%, at head of about 10m to 25m. As a result from these two factors, 
low efficiency and expensive manufacturing, these two reaction turbine models showed that 
the design requires to be redesigned to achieve better efficiency and lower cost machinery in 
order to make this turbine economically viable in power generation applications.  
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Figure ‎2-16: Top side of simple reaction turbine rotor with machined passageway grove 
 (W QUEK, 2003) 
 
In 2010, Abhijit and Akbar introduced a modern design of the split reaction water turbine as 
seen in Figure ‎2-17. This type of split reaction turbine utilises the static head available in the 
water as the working fluid, which is similar to in the idea of converting the dynamic head 
force to momentum force (Date & Akbarzadeh, 2010). They found out that his split reaction 
turbine was simple to be manufactured from available commercial materials. In their project, 
they operated the reaction turbine up to 2000 rpm. The low cost low-head hydroelectric 
turbine was able to produce power from ultra-low-head from (1–5 m) sources. The split 
reaction turbine utilises the static head that is available in the working fluid before converting 
it to a dynamic head. The converging nozzles are the integral part of the rotor and they 
convert the static head to the dynamic head. The rotor then can be able to rotate due to the 
change of the momentum of the working fluid in the nozzle which gives rise to a reaction 
force. The working fluid enters the turbine axially under the pressure from the stationary inlet 
pipe and later leaves the rotor nozzles radially with high relative velocity.  
 
48 
 
 
Figure ‎2-17 : Schematic design of the split reaction turbine by Abhijit and Akbar (Date & 
Akbarzadeh, 2010) 
 
2.7 The Working Fluid in Binary Power System  
The main two properties for the selection of working fluids are based on the thermodynamic 
and physical properties of the working fluid. These two properties are perhaps the most 
crucial selection for any Binary Power System as all other components.  
The working fluid must provide the essential physical and thermodynamic conditions at the 
proposed temperatures for the functionality of the binary power system.   
In all thermodynamic cycle, Carnot, Rankine and Trilateral Cycle, the working fluid is 
required to change its phase from liquid to vapour within somewhere in the cycle and reverse 
to its original phase. There are crucial factors to choose the optimal working fluid as 
temperature, pressure, viscosity and the latent of vaporization. In addition for choosing the 
working fluid on the final decision, the working fluid have fulfil safety criteria, have to be 
environmentally friendly, and allocate a low cost for the binary power system (Fischer, 
Koglbauer, Saleh, & Wendland, 2007). 
Previously, the water is the best working fluid because of its cost, availability and no gas 
emission on the environment. However, because of the vaporization of water at atmospheric 
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pressure is at 100 °C, it is not the suitable working fluid for low grad- heat resources 
applications. Nowadays, more modern fluids such as hydrocarbon fluids or organic fluid 
which can be boiling at lower temperature comparing to water under standard atmospheric 
conditions. In addition, these fluids can be tailored the thermodynamic cycle for low grade 
heat resources. 
 According to Pitanga Marques da Silva (PitangaSilva, 1989), he proposed that organic 
thermodynamic cycles have higher cycle efficiencies than steam cycle at similar heat input 
conditions and that due to the higher fluid temperatures can be achieved. In addition, both 
Silva and  Hudson  mentioned that the cost of Organic Rankine cycle is less due to the 
reduction in the turbine size and the ability to extract heat at lower heat input (Hudson, 1988; 
PitangaSilva, 1989). 
In 2001, Yamamoto and his team designed and compared two cycles, one by using water and 
another cycle with organic fluid. The conclusion was the organic cycle provided a higher 
efficiency. They also concluded that  lower level of superheated needed inside the turbine 
was more suited to the type of roto-dynamic machinery they tested (Yamamoto, Furuhata, 
Arai, & Mori, 2001). 
Iqbal and his group in 1976 found out the prerequisite technique to expand the ratio of the 
pressure for further power utilization when selecting a pure organic working fluid for 
utilizing the low grade heat resource (Iqbal, Fish, & KEStarling, 1976).  
They proposed the organic fluid with a higher molecular weight due to minimizing the 
amount of superheating of the working fluid at the inlet and outlet points of the turbine. In 
1976, Iqbal and Starling examined particularly low sink and source differences to find out 
that blends of working fluids would provide the most desirable overall properties for a 
working fluid (Iqbal & Starling, 1976). Kalina, Maloney and Robertson found out more 
promising blends and cycles while they explored the zeotropic fluids (Ibrahim & Klein, 
1996). 
Many researchers collected some advantageous characteristics for the organic working fluid 
(Angelino, Invernizzi, & Molteni, 1999; T. C. Hung, Shai, & Wang, 1997; T. Hung, 2001; 
Lee, Tien, & Shao, 1993; Maizza & Maizza, 1996, 2001; Sawyer & Ichikawa, 1980; 
Yamamoto et al., 2001). These characteristics include mainly and not limited the following:   
Low viscosity, high thermal conductivity, thermally stable, low surface tension, compatible 
with a wide range of materials, low toxicity, low corrosivity, superheating during expansion 
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(a dry fluid), isentropic performance, a high coefficient of latent heat and low coefficient of 
specific heat resulting in a near vertical saturated liquid line on T-s diagram, high pressure 
ratio resulting from large difference in the specific volume of the saturated liquid and vapour, 
small specific volume of the saturated liquid and compatible with chosen lubricant.  
In this research, isopentane (R601a) is chosen the desirable working fluid as it has a number 
of the desirable properties as discussed earlier and it is available in the market.  
Isopentane has been used in many low-grade heat binary power systems commercially. In 
Australia, Iseopentane is used in Birdsville geothermal power plant. A case study will be in 
this thesis based on the Birdsville geothermal power plant as Isopentane is used as the 
working fluid which is similar to this research 
The working fluids can be classified into three main categories: Wet fluid, dry fluid and 
isentropic fluid as seen in Figure ‎2-18. Wet such as water, dry fluid such isopentane and 
isentropic fluid such as R11. In the typical power plants, superheating of vapour is required to 
avoid wet expansion isentropic processes.  However, by selecting a fluid with a dry saturation 
curve like isopentane, the superheating of the organic fluid can avoided prior to the expansion 
in the turbine in ORC.  
In ORC, it is very important to reach a fully saturated vapour condition before entering the 
turbine. During the expansion process in the expander, the dry fluid becomes in the 
superheated phase. At such, it is necessary for a supplementary heat exchangers to add heat to 
the organic vapour pre-turbine, accordingly it can increases the total capital expenses. 
 
51 
 
 
Figure ‎2-18: The three main categories of working fluids on T-s diagram, (Chen, 2010) 
 
According to Chen (Chen, Goswami, & Stefanakos, 2010), Maizzza suggested to use 
working fluids with high latent heat, high density and low liquid specific heat so that more 
energy can be transferred into binary power system.  
On the other hand, other researchers such as Yamamato suggested to employ low latent heat 
working fluid as saturated vapour at the turbine which would provide the best operating 
conditions (T. Yamamoto, 2001). 
 
2.8 A Review about Low-Grade Conversion into Power Using Thermal Cycle 
with Various Expanders  
Applying the thermodynamic cycle in binary power system is the most important factor to 
convert the heat into useful work. Most of the binary cycles are based on Rankine Cycle. 
Some of the researchers conducted work on ORC with either different working fluids or 
expanders. Most of researchers develop and design a prototype low-temperature Rankine 
cycle electricity generation system. Nguyen, Doherty and Riffat in 2001, conducted a 
research about development a prototype low-temperature ORC to produce electrical power 
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(Nguyen, Doherty, & Riffat, 2001). The prototype has the capability to produce 1.5 kW and 
the thermal efficiency was 4.3 % as the heat input was 33.6 kW. The heat source was 81 °C 
and working fluid was n-pentane. The prototype included a Radial inflow-turbine. The 
project had a limitation by using ORC as a thermodynamic cycle with one working fluid. 
Also, In 2001, Yamamoto, Furuhata, Arai and Mori proposed the ORC as a new system 
(Yamamoto et al., 2001). They examined the ORC by doing a numerical simulation model to 
estimate the optimum operating conditions and by doing an experimental testing. Yamamoto 
used two working fluids; HCFC-123 and water. Radial inflow-turbine was used in this study 
and the evaporator input was fixed at 12 kW. This study recommended HCFC-123 as an 
efficient working fluid comparing to water. However, the study was limited to only ORC and 
did include another thermodynamic cycle.  
Later on In 2006, Yagoub, Doherty and Riffat tested the solar and gas combined heat and 
power system (CHP) in the laboratory scale (Yagoub, Doherty, & Riffat, 2006). The test 
conducted to produce from solar and gas combined 1.5 kW electrical powers from 25 kW 
solar collectors supplemented by a gas boiler. Test involved two working fluids, HFE-301 
and n-pentane and the turbine was Radial inflow-turbine. Yagoub concluded that HEF-301 
has 2.6% more electrical cycle efficiency than using n-pentane. In addition, the isentropic 
efficiency of HEF-301 was higher than n-pentane, 85% and 40% correspondingly.  
In 2007, Bryson (Bryson, 2007)  had successfully built a prototype heat engine to run TFC 
with screw expander. He came out with experimental validation to endorse the theory of TFC 
that can utilise more thermal energy. However, he mentioned that the experimental results 
could be further improved with a new effective expander utilised for operating TFC.  
His experiments showed promising results of the expander that utilised the advantage of the 
very large volumetric expansion ratio of the working fluid during the flashing. He ran the 
experiment using low grade heat from 50 °C to 75 °C with up to 2.00 % thermal efficiency at 
laboratory scale. 
In 2011, Pei conducted an experiment on a small scale of ORC using R123 as a working fluid 
(Pei, Li, Li, Wang, & Ji, 2011). The author defined ORC as using of organic fluid which is 
commonly high molecular mass fluid that boils at lower temperature than water. The author 
agreed that ORC is the most suitable and promising method to convert low grade heat to 
power. He mentioned ORC is better to be used when the heat source is below 250 °C.  The 
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radial inflow turbine was used in this research and a gear box was attached to ensure a lower 
rotation speed of the coupled generator. The achieved rotational speed was nearly 24000 rpm 
and the isentropic efficiency of the turbine was 0.65. The measured shaft power was about 1 
kW with 6.8% cycle efficiency for this experimental ORC system.  The input heat source was 
70 °C with mass flow rate of 500 kg/h which is around 8.33 kg/ min.   
Tchanche and his team in 2011 investigated the low grade heat conversion into electrical 
power by using organic Rankine cycles (Tchanche, Lambrinos, Frangoudakis, & Papadakis, 
2011). The study reviewed involved the maturity of heat resources from solar energy, 
geothermal energy, biomass energy, surfaces seawater and waste heat from thermal 
procedures. The paper shows that the prospects of recovering waste heat by organic Rankine 
cycle will rapidly grow. Also, the paper presented seven different applications of ORC. The 
applications presented were binary geothermal power systems, solar thermal power systems, 
solar ORC-RO desalination systems, duplex-Rankine cooling systems, ocean thermal energy 
conversion systems, organic Rankine cycles to recover waste heat, and organic Rankine cycle 
in biomass power plants.   
The paper defined that the ORC system in binary geothermal and biomass combined heat and 
power plants is a mature technology. Ultilising ORC for waste heat recovering is a promising 
technology as two main factors support this technology to grow rapidly, the environmental 
concern over climate change and increasing in oil prices. However, the authors in this 
research did not study other thermodynamic cycles such as Trilateral Flash cycle. 
In 2012, Kang designed and tested an ORC to generate electric power 32.7 kW with cycle 
efficiency of 5.22 % (Kang, 2012). He mentioned that the expander is key factor in ORC 
system and two types of expanders are typically used in ORC, the turbine and the scroll. The 
scroll expander is better to be used for small ORC systems as it is easy to operate and can be 
rotate at low rotational speed with reliability and capability at high pressure. On the other 
hand, he mentioned that the radial inflow turbine has many advantages. It is compact, 
structure, small, light in term of weight, advanced and most commercially used in ORC 
power plants.  
The working fluid used was R245fa in this project and the main hot input was between 77 °C 
to 83 °C. The study has some limitations such using only ORC as thermodynamic cycle and 
the cycle efficiency. It was recommended to use an optimum heat exchanger to increase the 
cycle efficiency with another thermodynamic cycle such as TFC. 
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In 2012, Öhman conducted a comparison and analysis of performance using low grade power 
cycles (Öhman & Lundqvist, 2013). The author discussed several operating conditions that 
correlated with the utilisation of the given application. Also, the irreversibility could be 
correlated differences in thermodynamic cycle, fluids, temperatures and size as these provide 
the thermodynamic potential and can be considered. The correlation can be useful for 
estimating the expected power at its maximum from low grade heat sources such as waste 
heat and solar heat. A recommendation was given to provide performance data coupled to 
proper source and heat exchanger to improve the future correlations.  It was resulted that the 
performance will be depended on the electric power than on theoretical results of specific 
ORC machinery. However, the author did not include a study about the correlation of the 
expanders on the ORC systems which can be useful for more analysis and comparison.   
Recently in 2013, Bao comprehensively reviewed different working fluids and different 
expanders for ORC with low and medium grade heat. The reviewed study included a 
comparison of pure and mixed working fluids which could be useful to find out the optimal 
working fluid and the appropriate expander for an effective ORC (Bao & Zhao, 2013). The 
study included the common three types of fluids in the temperature and entropy diagram (T-
s), which are, wet fluid with negative slopes such as water and ammonia, dry fluid with 
positive slopes such as pentane and isentropic fluid with large slopes such as refrigerant R11.  
He concluded that is there no ideal working fluid that is appropriate for any organic Rankine 
cycle system. He recommended that the thermodynamic performance of the system needs to 
consider other factors like the pressure of the system, the design of the expander and the 
environmental and safety considerations. 
Bao studied the expanders for ORC and his study involved certain types of expanders such as 
Radial inflow turbine, scroll expander, screw expander and rotary vane expander. However, 
his studied did not include outflow expander such as Reaction turbine. The study showed that 
the expander selection was done based on the system operating requirements and the working 
conditions of ORC system. Bao limited the review with ORC as a common working 
thermodynamic cycle, TFC and other thermodynamic cycle needs to be reviewed as well.  
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2.9 Rationale for this Research 
The opening chapter of this thesis presented an introduction about the low grade heat 
renewable energy resources and the main concept of this research. Following to the second 
chapter, a brief literature review was presented with the historical background on low grade 
heat reaction turbine, conversion system, and thermodynamic cycles used in low grade heat 
engines.  
In the second chapter, a literature review which has been conducted on the thermodynamic 
cycles that are applied in binary power system. The heat engine principle was reviewed and 
most of previous researchers’ work involving in the utilisation of ORC as the most mature 
technology to convert thermal energy into electrical energy.  
A review about the potentials of using TFC in binary power system and the proposed 
thermodynamic cycle has concluded that there is no experimental or commercial work about 
conducted by many researchers. As for heat recovery applications, TFC has many advantages 
over ORC due to the ability to extract greater amount of heat energy.  
However, it can be seen from the literature review that view researches into power production 
that is relative to the conversion of low grade heat sources below 100 °C. That is primarily 
due to the low recorded achievable efficiencies that bound the capability of the devices to 
cover of the crucial cost of power production even with other sustainably sourced electricity.  
In addition, the limitation of exploring and developing a new expander using the concept of 
TFC is the main rationale and it is visibly that none of the researchers has proposed on 
developing a new two phase expander to effectively utilise TFC in binary power system. 
Also, most researchers did not look at combined important factors such as, utilising TFC as a 
working thermal cycle in binary power system.  
In this research, the gap was addressed by developing a two phase expander to utilise TFC 
effectively as the proposed reaction turbine. In Table ‎2-1 lists a summary of previous studies 
on binary power system including thermal cycles and expanders with various working fluids. 
This research has proposed the new implementations of using TFC and reaction turbine for 
energy recovery applications.  This study will trial, analyze and compare the binary power 
system prototype built directly upon previous research efforts at RMIT University but will 
include the proposed reaction turbine to operate TFC with low grade heat sources.  
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Table ‎2-1 : Summary of prior studies on binary power system including thermal cycles and 
expanders with various working fluids  
Author 
Expander 
Type 
Working 
Fluid 
Cycle 
Rotational 
speed 
Effective 
with TFC 
Zanelli and Favrat 
(1994) 
Scroll expander  R134a ORC 2400 - 3600 No 
Mathias et al. (2009) Scroll expander  R123 ORC 3670 No 
Peterson et al. (2008) Scroll expander  R123 ORC 600 - 1400 No 
Wang et al. (2009) Scroll expander R134a ORC 1015 - 3670 No 
Saitoch et al. (2007) Scroll expander R113 ORC 1800 - 4800 No 
Kim et al. (2007) Scroll expander Water ORC 1000 - 1400 No 
Manolakos et al. (2007) Scroll expander R134a ORC 300 – 390 No 
Lemort et al. (2012) Scroll expander R123 ORC 1771 – 2660 No 
Guangbin et al. (2010) Scroll expander Air ORC 1740 – 2340 No 
Wang et al. (2011) Screw expander Air ORC 400 – 2900 No 
Smith et al. (2000) Screw expander R113 ORC 1300 – 3600 No 
Baek et al. (2005) Screw expander CO2 ORC 114 No 
Zhang et al. (2007) Screw expander CO2 ORC 306 No 
Mohd et al. (2010) Screw expander R245fa ORC 2200 - 3000 No 
Yang et al. (2009) 
Rotary vane 
expander  
CO2 ORC 300 – 1500 No 
Qiu et al. (2012) 
Rotary vane 
expander  
HFE7000 ORC 300 – 1500 No 
Bryson (2009) 
Screw 
Expander  
Isopentane 
R601a 
TFC 2760 No 
Oreijah (2014) 
Reaction 
Turbine 
Isopentan
e R601a 
TFC 2762–  7486  Yes 
 
  Gaps need to be covered 
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2.10 Conclusion 
TFC as a thermodynamic cycle has the potential to recover more heat from the low-grade 
heat sources than other conventional cycles such as Rankine and Carnot cycles.  
According to (DiPippo, 2007), one the main advantages of TFC is the utilization of hot liquid 
during passing inside the expander instead of vapour. Therefore, there is no added energy 
reduction is needed to change the phase from liquid to vapour. Thus the amount of power 
utilisation from thermal energy into mechanical energy is greater compare to Carnot cycle or 
Rankine cycle. 
One of the main reasons of this implementation of TFC is the minimisation of irreversibility 
in the heat transfer process between the main hot source and the working fluid in binary 
power system. As the resource temperature rises, the recoverable heat consequently increases 
nearly in a linear virtual. Due to the additional transferred thermal energy into the binary 
power system in TFC, there is more thermal energy gained in term of power output for each 
unit resource mass flow rate at a greater temperature and gradually more converted output 
work is produced. 
As a result from this review, the efficiency of TFC is lower than those of the Rankine Carnot 
and cycles. However, the entire conversion efficiency based on converting the thermal energy 
of the heat source into the mechanical energy is still higher. The main reason is resulted from 
the greatest ability of TFC to extract the sensible heat from the heat source when it is 
compared to other conventional cycles such as Rankine or Carnot cycles.  
In addition, many researchers found out there is no suitable expander or turbine was 
combined with TFC to utilise the vast amount of the thermal energy that was gained. Such of 
current expanders like screw expander was not that effective to be cascading with TFC.  
In this research, an outflow turbine was combined with TFC to utilise the vast amount of 
thermal energy. The proposed turbine is the reaction turbine and in the next chapter, a 
mathematical modelling will be introduced to predict the performance of the TFC as a system 
and then it would be possible for the diversion situations and the optimum dimensions of the 
reaction turbine.  
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CHAPTER 3               
THEORETICAL ANALYSIS AND 
DEVELOPMENT OF COMPUTE MODELLING    
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3.1 Introduction: 
In this chapter, a mathematical modelling is developed based on the conducted theory and the 
theoretical model of the reaction turbine. This analysis is used to validate the design 
measurements before conducting the experimental work. The theory is based on TFC 
performance by considering isopentane as a working fluid. Certain parameters are set to run 
the mathematical modelling. A sample calculation will be presented in this chapter based on 
the applied experimental parameters in the laboratory.  
This aims of the theoretical analysis were as follows: 
1- The reaction turbine with TFC using isopentane (R601a) as working fluid is needed to 
simulate the performance of the experimental binary system and compare these results 
with the experimental test. 
2- The mathematical modelling is important to determine the dimensions of the new 
reaction turbine before manufacturing based on TFC performance with Isopentane. 
The mathematical modelling is necessary to estimate the appropriate dimensions to 
develop a more effective reaction turbine for energy recovery before conducting the 
experimental test.  
 
3.2 Mathematical modelling: Theory-Governing Equations experienced and 
cycles 
Based on the fundamentals of trilateral cycle and reaction turbine, a mathematical modeling 
has been developed in order to calculate the exit nozzle area. The energy balance equation 
between the inlet nozzle and the outlet nozzles is as follows: 
 
                   (3.1) 
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Figure ‎3-1: Schematic of the outward radial flow reaction turbine rotor 
 
As per Figure ‎3-1, the process in the reaction turbine includes one inlet and two exit nozzles. 
The equation (3.1) will be: 
 ̇    
 
 
  ̇  
 
 
       ̇    
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        ̇    ̇     (3.2)  
While  
 ̇              (3.2a) 
Rearrange equation (3.2) with equation (3.2a) to be: 
 ̇(     )    
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  ̇  
 
 
         ̇          (3.3) 
Vi can be omitted from equation (3.3) due to a very small value compare to Vo.  Vo can be 
replaced with Va and it is called absolute velocity.  
While heat transfer is nearly equal zero,  ̇ and can be neglected. In addition, the inlet and the 
exit nozzles are almost at the same level. The heat lost is equal zero.  
Considering the working fluid to be incompressible, the equation to find the tangential 
velocity (U) of the nozzle and relative velocity of working fluid (Zanelli & Favrat) can be 
found:  
 
U 
Vr 
Va 
R 
Diverging 
section of 
the nozzle  
 
ω 
Hot saline 
water enters 
the turbine High velocity 
mixture Throat of 
the nozzle  
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              (3.4) 
                 (3.5) 
Then: 
                   (3.6) 
And torque equation is: 
   ̇                (3.7) 
 
By combining equations (3.6) and (3.7) in equation (3.3) gives: 
       
 
 
 (     )
 
 
  (     )         (3.8) 
And equation (3.8) becomes: 
       
 
 
 [  
            ]        
         (3.9)  
And by rearranging equation (3.9) to calculate Vr 
         
 
 
   
   
 
 
                (3.10) 
  
    (     )    
           (3.11) 
   √  (     )                (3.12) 
The mass flow rate equation is: 
 ̇                    (3.13) 
By replacing the equation (3.12) in equation (3.13)   
 ̇       √  (     )              (3.14) 
From equation (3.14) the nozzle area can be calculated as follow: 
            
 ̇  
√  (     )   
   
        (3.15) 
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Aexit is the total area for two nozzles, and the exit area per nozzle for the proposed reaction 
turbine with two nozzles can be calculated: 
   
           
 
         (3.16) 
Where n is equal to 2 in this study. 
The overall efficiency can be calculated as a value of the mechanical power divided by the 
thermal energy input to the trilateral cycle. Whereas mechanical efficiency is defined as the 
ratio of mechanical power divided by the rate of change of thermal energy between inlet and 
exit of the turbine shown by following equations:  
             
     
  ̇
 
 ̇
  ̇
 
 ̇   [√  (     )  
       ]
 ̇   (     )
     (3.17) 
         
  
 ̇  
 
  
         
 ̇         (3.18)  
 
3.3 Calculation for Design and laboratory  
3.3.1 Theoretical Trilateral Cycle Properties 
The mathematical modelling of the reaction turbine is developed under various 
thermodynamics properties and design parameters. The mathematical model is formed under 
a specific range of temperatures. The hot source brine inlet temperature is assumed to be at 
75 ºC. This is the highest temperature of the heating water that could be provided, without 
experiencing significant drift in temperature. The temperature of the cooling water at inlet is 
typically around 25ºC. The cooling water flow rate is assumed constant and set to the 
maximum for all experimental tests. 
In this research, the working fluid is the main aspect that gives the biggest impact to the 
performance of the engine. The working fluid is isopentane (R601a) which has been chosen 
for this project over the previous used R123. The T-S diagram in  
 
Figure ‎3-2 shows the process of trilateral cycle that applied to the engine with point 2 to 3 
shows the expansion happened in the expander.  The mathematical modelling is assumed to 
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be at ideal condition. At the initial stage, point 1, the working fluid is at its steady state 
condition at 25 ºC as a saturated liquid condition. It is then pass through the heat exchanger 
and by assuming perfect heat exchange, the working fluid heated to 75 ºC with constant 
pressure until it reaches its saturated fluid phase to nearly saturated mixture phase at point 2. 
It is then followed with the isentropic expansion in the turbine and constant pressure heat 
rejection in a condenser.  
 
 
 
 
 
 
 
 
 
 
Figure ‎3-2: T-S diagram of Trilateral Cycle using Isopentane as working fluid 
 
3.3.2 Sample Calculation- Trilateral Cycle  
Several constants were obtained in order to calculate other properties related to the engine. At 
initial stage, the temperature at each stage was known. A spread sheet was built with multiple 
parameters to evaluate the performance analytically. An example of the mathematical 
calculation on the spread sheet is attached in appendix A-1, Figure A-‎0-1. The isopentane 
properties used in this study were obtained from the US National Institute of Standards and 
Technology (NIST), (NIST, 2011). The Standard Reference Database of Isopentane is 
Thermo-physical Properties of Hydrocarbon Mixtures Database. The software program was 
selected because of its ability to create extensive tables of fluids properties with minimal 
S kJ/kg K 
2 
3 
3' 
T ºC 
1 
Isentropic process 
Non-Isentropic process 
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uncertainty by using the most accurate property models currently available. A created table of 
the relevant isopentane’s properties provided by the program can be found in Appendix A-2. 
Therefore, the properties of the working fluid can be found based on the temperature given. 
The analysis of the engine begins at the point where the heated, high pressures working fluid 
leaves the heat exchanger at 75ºC: 
Point 2: 
     
   
                        
                 
                  
              
  
Now examining the conditions of the outlet of the expander/engine, the next phase in the 
process that needs to be calculated is that of the mixture at point 3 at 25
º
C. Thus the 
interpolated properties are: 
Point 1: 
     
   
                        
                 
                  
              
  
The properties found for points 2 and 1 allow for the computation of those for point 3. The 
temperature at this point in the cycle is that of the condenser (i.e. T3 = T1) and it is assumed 
that the rotor / turbine has perfect isentropic efficiency (i.e. = s3). The relative amounts of 
fluid need to be calculated and so if the mixture at point 3 contains ‘x’ amount of vapour: 
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Point 3: 
     
   
                  
                   
     (               )                       
                       (3.19) 
  
(       )
    
 
(               )
       
            (3.20) 
               
     
           
       
This shows the working fluid at point 3 is at saturated mixture condition. With this now 
known, the sum of the enthalpies of the components of the mixture at point 3 for the total 
enthalpy can be found thus: 
                    
             (             )                     (3.21) 
                     (              )                     (3.22) 
 
3.3.2.1 Measured Performance Curves Calculation and Analysis 
As part of this computer modelling, to measure the performance of the experimental binary 
power system, various conditions are analysed. Several isentropic efficiency conditions (1, 
0.75, and 0.5) within the cycle are analysed to produce the measured performance curves. 
There are several sets of curves produced and analysed; Power (kW) vs. rotational speed 
(RPM), nozzle area of the turbine (mm
2
) vs. rotational speed (RPM) and turbine efficiency 
(%) vs. rotational speed (RPM) in respect to various turbine diameter. In this research, the 
range of the diameters are 0.1 m, 0.12 m, 0.14 m, 0.16 m, 0.18 m, 0.20 m and 0.30 m whereas 
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the rotational speeds of the turbine are in the range of 0 to 40,000 rpm with increments of 
1000 rpm. These measured performance curves are produced to define the optimum nozzle 
area of the turbine. As the nozzle area is defined, another measured performance curves are 
produced and analysed. They are the same as the previous curves but in respect to different 
isentropic efficiency conditions (1, 0.75, and 0.5). After the properties of isopentane at each 
point were calculated, several other properties were then calculated. The several basic 
constants or properties obtained and assumed for the use of the calculation. The Table ‎3-1 
shows the constants or properties required for sample calculation at 1000 rpm and 0.15 m for 
the turbine diameter. 
Table ‎3-1: Constants known for calculations 
Constants Values 
Isopentane Temperature at point 1, T1 (
0
C) 25 
Isopentane Temperature at point 2, T2 (
0
C) 75 
Isopentane Temperature at point 3, T3 (
0
C) 25 
Isopentane Enthalpy at point 1, h1 (kJ/kg) 137.83 
Isopentane Enthalpy at point 2, h2 (kJ/kg) 258.77 
Isopentane Enthalpy at point 3, h3 (kJ/kg) 248.98 
Isopentane Entropy at point 1, s1 (kJ/kg.K) 0.51945 
Isopentane Entropy at point 2, s2 (kJ/kg.K) 0.89224 
Isopentane Entropy at point 3, s3 (kJ/kg.K) 0.89224 
Quality at point 3, x3  0.32163 
Cp of Isopentane (kJ/kg.K) 2.3 
Thermal power input,  ̇h (kW) 10 
Rotational speed (RPM) 5000 
Turbine Diameter, D (m) 0.15 
Tangential velocity of the nozzles, U (m/s) 39.25 
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3.3.2.2 Angular Speed () 
Angular speed is a quantitative expression of the amount of rotation that a spinning object 
undergoes per unit time (radian per second). In this case the object is the rotor of the reaction 
turbine. The angular speed () can be found by: 
  
       
  
  
            
  
                    (3.23) 
 
Mass Flow rate of Isopentane through The nozzles ( ̇) 
The mass flow rate of the isopentane can be found from the given thermal power input using 
the energy balance method: 
 ̇   ̇    (     )        (3.24) 
 ̇  
 ̇ 
     
          (3.25) 
     
  
             
                 
 
3.3.2.3 Enthalpy (h') and Quality (X') of Isopentane at Specific Isentropic Efficiency 
As mentioned before, there are there different isentropic efficiencies applied in this 
modelling; 1, 0.75, 0.5. This isentropic efficiency affecting the enthalpy of isopentane hence 
changing the quality of isopentane after went through the turbine (point 3). Below shows the 
calculation of the enthalpy: 
Isentropic efficiency = 1 
                    
            
Isentropic efficiency = 0.75 
       (                        (     ))    (3.26) 
           (     (             ))                           
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(             )
(             )
                     (3.27) 
Isentropic efficiency = 0.5 
       (                        (     ))     (3.28) 
         (    (             )) 
                                                                                           
    
(       )
    
 
(              )
(             )
                   
 
3.3.2.4 Relative Velocity of Isopentane (Zanelli & Favrat) 
The relative velocity of isopentane (Zanelli & Favrat) was found by combining several 
equations as described in section 3.6. By recalling equation 12 and assuming isopentane to be 
incompressible the relative velocity can be found. 
   √      (      )              (3.29) 
Isentropic efficiency = 1 
   √         (      )   (             )                        
Isentropic efficiency = 0.75 
   √         (     )   (             )                    
Isentropic efficiency = 0.5 
   √         (     )   (              )                      
 
3.3.2.5 Absolute Velocity of Isopentane (Va) 
The absolute velocity of isopentane can be found in correlation with the relative velocity of 
isopentane and the tangential velocity of the nozzles. 
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                 (3.30) 
Isentropic efficiency = 1 
                           
Isentropic efficiency = 0.75 
                                       
Isentropic efficiency = 0.5 
                           
 
3.3.2.6 Torque Calculation (T) 
By assuming no angular momentum of the inlet flow, conservation of momentum gives: 
   ̇            (3.31) 
Isentropic efficiency = 1 
                       (      )               
Isentropic efficiency = 0.75 
                     (      )               
Isentropic efficiency = 0.5 
                     (      )              
 
3.3.2.7 Turbine Power (P) Calculations and Analysis 
As part of this analysis, as the torque was calculated, the output power was then calculated 
and defined as the output power is the product of torque and angular velocity.  
                (3.32) 
Isentropic efficiency = 1 
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  (                 )                
Isentropic efficiency = 0.75 
  (                       )              
Isentropic efficiency = 0.5 
  (                )                  
 
3.3.2.8 Nozzle Area Calculations and Analysis 
In order to calculate the total exit area for nozzles we need to calculate the specific volume of 
isopentane: 
                          (3.33) 
Since: 
               
     
           
       
Then:  
                             
      
 At Isentropic efficiency = 1 
         
                (                )          
      
  (  
 )  
 ̇    
  
               (3.34) 
            
                 
Since we have two nozzles, the exit area of each nozzle will be calculated by dividing the 
total area nozzle by 2 as follow: 
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At Isentropic efficiency = 0.75 
          
                (                )          
      
  (  
 )  
 ̇    
  
                (3.35) 
          
                  
Since we have two nozzles, the exit area of each nozzle will be calculated by dividing the 
total area nozzle by 2 as follow: 
                       
                
At Isentropic efficiency = 0.5 
         
                (               )          
      
  (  
 )  
 ̇      
  
         
            
                 
Since we have two nozzles, the exit area of each nozzle will be calculated by dividing the 
total area nozzle by 2 as follow: 
                        
               
 
 
3.3.2.9 Efficiency Calculation   
  
 
 ̇ 
 
Isentropic efficiency = 1 
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Isentropic efficiency = 0.75 
  
         
  
             
Isentropic efficiency = 0.5 
  
        
  
             
 
The design has been modelled to find out the numerical relationship between the output 
power and the radius of the reaction turbine rotor. As the power is a dependent on the torque, 
the torque changes based on the diameter of the reaction turbine rotor. The relationship 
between the power and the rotor angular speed at different rotor radius is shown in Figure 
‎3-3.  The different radiuses have been selected to illustrate the power increment when the 
angular speed also increases.  
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3.3.2.10 Mathematical Results 
 
 
 
Figure ‎3-3 : Rotor Angular Speed Variation with Output Power 
 
 
The r chart in Figure ‎3-4 shows the relationship between nozzle area of the exit nozzle and 
the rotational speed. This chart is screening how the exit nozzle area can be affected by the 
isentropic efficiencies. As the efficiency increases the exits area dramatically decreases. In 
this chart the optimum exits area can be determined for the design of the reaction turbine. The 
optimum area has been selected based on the operating rotational speed which is between 
5000 rpm to 10000 rpm at isentropic efficiency of 0.75 to 1.00. The total nozzle area is 77.3 
mm2 for two nozzles. As the speed is getting higher the nozzles area for all efficiencies will 
be the same after 25000 rpm. 
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Figure ‎3-4: Rotor Angular Speed Variation with Nozzle Area 
 
 
Figure ‎3-5 explains the results between the overall efficiency and the rotational speed for 
three different isentropic efficiencies. In this chart, the higher isentropic efficiency is the 
better performance for the system for the targeted operation rotational speed. As the 
rotational speed increases, the efficiency performs to get in a steady state conditions and there 
is not much influence on the efficiency after 1000 rpm. Accordingly, the rotational speed in 
this study was targeted to be around 5000 rpm. Also, it is noticed that the influence 
consideration of the isentropic efficiency, at isentropic efficiency of 0.5, the results showed 
the lower performance. The predicted operational performance of the isentropic efficiency 
would be between of 0.5 to 0.7 as it is more reasonable to match the reality conditions.  
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Figure ‎3-5: Rotor Angular Speed Variation with Output efficiency 
 
 
3.4 Conclusion:  
In conclusion from this chapter, the mathematical modelling was helpful to understand the 
binary system when it operates as TFC with reaction turbine. It is also important to find out 
the predicted performance of the system in this case before the experimental validation. One 
of the necessary outcomes from this mathematical modelling was to find out the optimum 
dimensions to design the reaction turbine.  
It has a large expansion ratio with low maintenance cost and run with a rotational speed more 
than 3000 rpm. In designing the reaction turbine, the mathematical modelling was used where 
it was able to evaluate the power produced by the reaction turbine under various operational 
conditions. The mathematical modelling was based on using isopentane as working fluid and 
based on the previous review in chapter 2 and it was related to its characteristics and 
advantages to be the suitable working fluid.  
From the mathematical modelling, measured performance curves were created based on the 
input parameters. The new reaction turbine can increase the power output and the efficiency 
because of its higher pressure proportional and higher rotation speed. The measured 
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performance curved gave a preliminary discernibility of the expected power output, the 
turbine efficiency and total nozzle area for further analysis. The power produced and turbine 
efficiency both are affected by the increasing of rotational speed and rotor diameter. 
From this modelling, the optimum total nozzle area required for designing the reaction 
turbine was determined. The optimum total nozzle area of the reaction turbine is a function of 
mass flow-rate, specific volume and relative velocity of the working fluid. Also, the optimum 
nozzle area of the reaction turbine rotor is independent of the output power.  
The rotational speed has a direct influence on the relative velocity. Consequently, at a 
constant mass flow-rate and as the rotational speed increases the nozzle area decreases as 
well. The chosen diameter of the reaction turbine rotor was 0.15m for design and 
manufacturing and it was due to the limitation on the size of the experimental prototype.  
The ideal condition of the reaction turbine in this modeling is based on the targeted 
performance of the reaction turbine in the laboratory. The targeted rotational speed of the 
reaction turbine rotor would be in the range of 3,500-5,000 rpm.  
As a result, the range of the optimum total nozzle (Ao) area was found to be at average of 94 
mm
2
 for two nozzles. As there are two nozzles on the reaction turbine, therefore, this result of 
the estimated optimum total nozzle area will be then divided by two to result with the area for 
each nozzle. Approximately, average of 47 mm
2
 will probably be selected for each exit 
nozzle area (ao) for designing and manufacturing the reaction turbine rotor. 
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CHAPTER 4                                 
NEW LABORATORY SET UP AND THE 
DESIGN AND MANUFACTURING OF 
REACTION TURBINE 
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4.1 Introduction: 
This chapter presents the laboratory setups which include the design and development of the 
reaction turbine. The purpose of the test rig was to simulate the binary power system up to 
500 W. The applied heat source will be similar to any hot source such as solar thermal, 
geothermal or industrial waste heat and within a range of heat between 60 ºC to 100 ºC. The 
test rig will validate the TFC with the twin screw expander and with the reaction turbine. The 
components used for testing the binary power cycle are similar to the Organic Raking Cycle. 
In TFC, the heat exchanger is larger than in ORC in order to increase the ability of recovering 
more heat from the heat source. The main units of the experimental rig are: turbine 
(expander), generator, heat exchanger, condenser, feeding pump and flow meter. Plus other 
units are used for measurement such as pressure gauges and torque load cell.    
For the new reaction turbine, the results from the previous chapter, chapter 3, will be utilised 
to determine the dimensions of the reaction turbine especially the exit nozzle area. The design 
will be relevant to the theoretical results with the consideration of isentropic efficiency 
between 0.5 to 0.75. Then the new designed and manufactured reaction turbine will replace 
the current screw expander into the experimental rig with some modification to this rig to 
host the new turbine. Further explanation about the new turbine will be presented in this 
chapter.  
Also, the author would like to bring the attention that the new reaction turbine was filled for 
Australian IP. Thus, limited details of the turbine will be published in this thesis.  
 
4.2 Components of the experimental Binary System Experimental Rig  
Components used for the experimental rig for development of the new binary power 
prototype test rig are similar for both expanders except the expanders will be changed. In this 
research, two expanders will be used, screw expander and reaction turbine. The reaction 
turbine is the main core of this project. The reaction turbine works when the working fluid 
flows into the rotor of the turbine and leaves the turbine tangentially at high velocity from the 
exit nozzles. The rotor starts to spin and produce toque as mechanical energy via shaft. The 
rotating shaft will transmit its mechanical energy to the generator for electrical energy 
generation. The outcome of the mechanical change to the angular momentum of the fluid 
produces the torque. Figure ‎4-1 shows the schematic design of the test rig the main 
components are the heat exchanger, condenser, expander and feeding pump. 
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Initially, the test rig was built with a screw expander where it converts the thermal heat 
energy into a mechanical energy and latterly to generate electrical power via axis between the 
expander and the generator as seen in, Figure ‎4-1. This rig is 1.83 m to 2.2 m in height and it 
has two sight glasses to monitor the flow of the working fluid which is important to observe 
the phases of the fluid during the test. 
In this test rig, the main components of the experimental rig are expander, reservoir, 
generator, condenser, feeding pump, heat exchanger and flow meter. The attached generator 
is 300 watts, 24 VDC connected to the expander via an axis. There are nine thermocouples 
connected to the test rig to measure the temperatures of the cycle at the most different 
required points of the test rig and connected via a data acquisition to record the data. The 
Rankine cycle is applied with the screw expander for the first experiment. Latterly, we will 
replace the screw expander by the reaction turbine and to apply the Trilateral cycle as a 
thermodynamic cycle. 
In order to apply Rankine cycle, the flow rate of the working fluid (Isopentane) was reduced, 
by using the feeding pump within the rig. In this way, the heat exchanger is able to vaporise 
the Isopentane before entering the expander. To apply trilateral cycle, the flow rate of 
Isopentane was increased until a saturated liquid was achieved. The experimental test had 
been conducted under certain parameters to closer to the low temperature renewable energy 
resources such as thermal solar or geothermal. The temperature range for the hot source was 
between 90 ºC to 70 ºC and the flow rate was maintained to be constant at 33.6L/min. For the 
cooling side in the condenser, the temperature range was between 19 ºC to 26 ºC and the flow 
rate was maintained to be constant at 31.2 L/min. 
A group of electronic instruments were connected to collect the outcome data from the 
experimental test. In the next chapter, further details will be introduced about these 
instruments.  
At the outcome, we connected the generator to an electronic load with ammeter and voltmeter 
to record the voltage and the current. Furthermore, this electronic load was used to change the 
electrical load for recording the outcome power from this test. The digital Vishay strain 
indicator was used to log the value of the output force. This logged force was important to 
find out the torque. In Figure ‎4-2, the test rig is shown with the existing screw expander. 
80 
 
 
 
Figure ‎4-1:The schematic cad design of the rig (Bryson, 2007) 
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Figure ‎4-2: Main: the experimental rig in RMIT laboratory, Top: the screw expander 
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4.2.1 Expander 
From the previous chapter, the expansion in the thermodynamic cycle is one of the most 
important phases to convert the thermal energy to a mechanical energy. This phase needs an 
effective expander to extract the most of the volumetric ratio. Thus, the expander is main 
component in the system for power extraction.  
Two types of expanders were installed to run the experiential test. The first expander was the 
twin screw expander and in the second stage, a new designed expander was installed to 
replace the screw expander. This expander is the reaction turbine which is the main core of 
this project to test the TFC with the reaction turbine in the binary power system. 
 
4.2.1.1 Twin Screw Expander 
This twin screw expander has been used in previous research by RMIT University researcher. 
The type of expander used for the development of experimental rig previously is a twin-screw 
expander type. It is air-end commercially pneumatic compressor running in a reverse to 
extract power when the hot saturated liquid expands (Bryson, 2007). The contact is screw 
type, where the name is known, between the two rotors. The contact of the rotor lodes is 
required to both seal and drive the two rotors. The rotors are made of high grade low carbon 
steel and are hosted in a chamber made of high-carbon cast steel. 
 The technology of this expander has been developing within the years to be seal-less, oil 
free, fluid bearing and no external timing gears are required (Kovacevic et al., 2001). Screw 
expander, as seen in Figure ‎4-3, is the Kumwon ZAE-3 with 4:5 rotor profile and ported for 
4:1 pressure expansion ratios. As a compressor, it can provide 0.3 m
3
 free air delivery at 3000 
rpm in average.  
After installation, there were problems identified such as the seals needed to be changed and 
the housing of the screw expander was leaking under pressure of 300 kpa (3 bar).  The 
required maintains had been done to fix all these problems.  
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Figure ‎4-3: The twin screw expander during maintenance  
 
4.2.1.2 The New Designed Reaction Turbine 
In the second stage of the experiment a new reaction turbine was designed and manufactured 
to run the binary power rig with TFC. The reaction turbine could rotate at higher rotational 
speed more than 3000 rpm. The reaction turbine is shown in Figure ‎4-4; it is fixed on the 
shaft ready to be assembled in the housing. 
In section ‎4.3, more details about design and manufacturing of the reaction turbine will be 
discussed. 
 
 
 
84 
 
 
 
Figure ‎4-4: The rotor of new proposed reaction turbine is adjusted on the shaft 
 
 
4.2.2 Generator 
 The generator in this experimental rig is a DC generator. The DC generator has the ability to 
produce power with variable rotational speed as we are looking to ignore the frequency in 
this experimental test and we want to change the rotational speed of the expander based on 
the heat input and the electrical load variation as seen in  
Figure ‎4-5. Therefore, selecting the DC generator in this case is more suitable than using AC 
generator as the frequency is variable during the experimental test. The generator used in this 
test rig was a 24 VDC permanent magnet motor running in reverse as a generator and it 
provide flexible load. The generator was coupling with expander via a shaft to convert the 
mechanical energy out from the expander to electrical energy in the generator. Further 
technical details about the generator are attached in Appendix A-3.  
On the test rig, the generator was positioned on the upper side of test prototype after the 
expander and connected together via coupled shaft. Both generator and expander were 
mounted on metal block which was fixed into the test rig.  Then a load cell was attached in 90 
º between the cradle and the generator to measure the torque. The load cell was a Dacell 
Reaction 
Turbine 
Rotor
Rotating 
Shaft 
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brand Universal Load Cell model UU-2 and further technical details can be found in 
appendix A-4. This load cell is very sensitive to the low force reading output from the 
generator. 
By changing the mechanical load on the expander, measurements can be recorded and 
analysed at different conditions of the expander. An electronic load was connected to the 
poles of the generators for dual purposes.  It can be used to record data and to change the 
electrical load on the generator. Varying the electrical load can change the rotational speed of 
the expander due to the change of the torque. The electrical load is a model brand of Kikusui 
(PLZ 1004W). It is featured of the ability of maximum load 1000 Watts, the voltage range is 
from 1.5 volt to 150 volt and the current range is 0 A to 200 A. Further details about the 
electronic load was used in this research is available in Appendix A-5. 
To measure the rotational speed, an infrared digital tachometer was used to record the 
rotational speed on the expander shaft. The tachometer was a high level of accuracy and 
calibration to measure RPM. 
The output from the tachometer was fed into a Frequency to Analogue converter before the 
current-output signal was logged by the data logging equipment. During bench testing of the 
expander and torque cradle setup, the speed readings from the tachometer and the data 
acquisition system were checked against a calibrated strobe tachometer with a high level of 
agreement. Details of the speed measuring system can be found in Appendix A-6. 
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Figure ‎4-5: Generator coupling with screw expander 
 
4.2.3 Heat Exchanger 
The heat exchanger is known in industries as the ‘evaporator’. It is very important component 
in thermodynamic cycle where the working fluid gains heat in this part of the cycle. In TFC, 
the heat exchanger is important component to increase the thermal energy by adding more 
heat to the working fluid. Based on the T-S diagram, improving the thermodynamic cycle 
power production can be achieved by increasing the temperature of the working fluid in the 
heat exchanger to recover more heat from the hot thermal source. For this reason, the heat 
exchanger is larger in TFC than in ORC. 
The heat exchanger used in the rig was a stainless-steel plate heat exchanger for heating the 
working fluid to a saturated liquid phase. The APV Parabrazed type BE7 braze-welded 
stainless-steel plate heat exchanger was installed in the rig. The hot water enters from the top 
of the unit and exits at the bottom side of the heat exchanger. The working fluid enters at 
lower temperature at the bottom side and gains heat before exits at the top side. This counter-
flow design of the heat exchanger is able increase the efficiency of the thermal exchanging to 
be more than 92%. A proper installation for this unit was made within the test rig to increase 
Generator 
Screw 
Expander 
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the heat exchange effectiveness. This unit was a 20 plate unit as seen in Figure ‎4-6 and a 
pressure gauge was installed before the working fluid (Isopentane) enters the heat exchanger. 
The data sheet of the heat Exchanger can be found in Appendix A-7. 
 
 
Figure ‎4-6: The heat exchanger 
 
4.2.4 Condenser 
Condenser is a one of the important component in TFC as it can improve the efficiency of the 
cycle. The working fluid condenses to lower temperature before being pressurised to start a 
new cycle. In TFC, the condenser is larger than in ORC because more heat needs to be 
rejected from the system. As seen in  
Figure ‎4-7, the efficiency of the thermodynamic cycle can be increased by lowering the 
temperature of the working fluid. Based on that, a larger condenser unit size compare to the 
heat exchanger unit size was installed which made up of 30 plate units.  
Similar working concept as the heat exchanger, the cooling water enters from the top of the 
condensing unit where the working fluid enters at the same point but at higher temperature. At the 
bottom side, the cooling water flows into the unit and exits at higher temperature. The working 
fluid exits at lower temperature after it has been cooled down and condensed. A photo of the 
condenser used in the experimental rig is shown in Figure ‎4-7 and the data sheet of the 
Condenser is available in Appendix A-8. 
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Figure ‎4-7: The condenser in the test rig 
 
4.2.5 Pump 
The feeding pump is used to circulate the working fluid inside the experimental rig. The 
pump used in this test rig was a Widen brand P.025 Metal pump with a double diagram with 
positive displacement and self-priming configuration with maximum flow rate of 18.9 L/m. 
This pump is appropriate to be used with Isopentane as a working fluid and can be operated 
within a wide range of flow rates and operative temperatures. This pumping unit is an air-
operated by using compressed air available in the laboratory. In order to decrease the flow 
constraint and hence lower the pressure loss due to the pipe design and construction upon 
access side, the inlet and outlet ports of the pump were enlarged to be half inch diameter. 
Furthermore, using a pneumatic pump was thought to be safer than electric because it eliminates 
the possibility of providing an electric shock. In Figure ‎4-8 the pump is shown and further 
technical details can be found in Appendix A-9.  
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Figure ‎4-8: Isopentane feeding pump 
 
4.2.6 Flow Meter 
The flow meter was used to measure the volume flow rate of the working fluid (Isopentane), 
hot water source and the cool water source. For the working fluid, the flow meter was located 
after the pump and before the heat exchanger. This flow-rate meter unit is a Trimec brand 
Multi-pulse MP015 positive displacement flow meter. This flow meter has the compatibility 
of its materials, pressure rating, range of operational temperatures, range of measurable flow 
rates, as well its accuracy and high degree of repeatability. The Reed Switch 2 output was 
used in conjunction with the factory calibration data (for the unit flowing water) and attached 
to a frequency to analogue converter. The data from this flow meter was collected via a 
frequency converter to convert the impulse to a volume flow rate and it could be read by the 
data acquisition system and logged into the computer datasheet. 
For installation within the test rig, the size of the inlet port of the meter was selected in order 
to match with the pump to minimise pressure losses in the flow due to changing pipe 
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geometries. In Figure ‎4-9, a flow meter is shown in the lower section of the test rig. Further 
technical detailed information relating to the flow meter can be found in Appendix A-10. 
The second flow meter used in this experimental rig to measure the volume flow rate of the 
heat source water was a Fischer and Porter brand Precision Bore Flowmeter, variable area 
volume flow rate. And the third flow meter was installed for measuring the volume flow rate 
of the cool water side was a Dqyer brand variable area flow rate model UV-2112. Further 
details can be found in Appendix A-11. With all overall configuration and the individual 
components described. 
 
 
 
Figure ‎4-9: Flow meter (for the working fluid) in the lower section of the test rig 
 
4.3 Reaction Turbine manufacturing and Design 
4.3.1 Design of Reaction Turbine 
The second expander in this research is the essential expander (turbine) to carry out the 
experimental test in this research for the purpose of the proven concept is the “reaction 
turbine”. It was designed to perform the trilateral flash cycle (TFC) in the binary power 
system. From the previous chapter, Chapter 3, the results were used to determine the 
dimensions for design and manufacturing. In Figure ‎4-10, the chart shows different output 
power performance versus different rotational speeds computed from the computational 
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modelling. These results were used to select the optimum diameter before designing the 
reaction turbine. Also, there was an installation issue taken into consideration from the 
previous test rig that limited the diameter to be within certain range. In Figure ‎4-11, the 
modelling has been carried out to analyse the nozzle area for different diameters with respect 
to the rotational speeds.  In Figure ‎4-12, the thermal efficiency also been analysed for 
different diameters with respect to the rotational speed.  
In this section, a specific diameter of the rotor of the turbine was analysed. Rotor diameter of 
0.15 m was chosen as this diameter for the design and manufacturing of the turbine. 
However, there was a limitation on the design of the turbine to be installed to the current heat 
engine rig. It was estimated that it could only fit a turbine with diameter of 0.15m. Under this 
circumstance, 0.15m diameter was chosen for the design and its performance was analysed 
using the measured performance curved under three different isentropic efficiencies. Figure 
‎4-10 shows the performance curve of power against rotational speed. It can be seen that the 
power increases as the rotational speed increases. As expected, the turbine with highest 
isentropic efficiency will produce higher power output. In terms of turbine efficiency (Figure 
‎4-12), it has similar pattern to the power. The efficiency of turbine with diameter of 0.15 m 
increases as the rotational speed increases. It is because turbine efficiency is dependent on the 
power produced. The plotted graph of nozzle area against rotational speed (Figure ‎4-11) 
shows different pattern to the power and efficiency. As the rotational speed increases, the 
required nozzle area decreases as rotational speed gives impact on the relative velocity of the 
working fluid. For comparison of its isentropic efficiency on the nozzle area, the required 
nozzle area for the turbine will be the highest if the turbine running on low isentropic 
efficiency.  
In the practical experiment and with this initial design, there is limitation on the rotational 
speed of the turbine to be operated at very high rotational speed. The turbine is targeted to be 
able to perform at its optimum condition in the range of 5,000 – 10,000 rpm with isentropic 
efficiency to be in the range of 0.5 to 0.75. Therefore, the targeted maximum power produced 
will be in the range of 0.4 - 0.52 kW and 3.93% – 5.45% for the maximum range of the 
efficiency. From these conditions, the range of the optimum nozzle area of the turbine was 
estimated. The range of the optimum turbine area is shown in Figure ‎4-13 within the red 
rectangular area. The area of the nozzle of the turbine will be around 90-96 mm
2
. As there are 
two nozzles on the turbine, therefore this estimated optimum area is then divided by two to 
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give the area of each nozzle. 46 mm
2
 or 48mm
2
 will likely be used as it gives exact number 
when divided by two. 
 
 
 
Figure ‎4-10 : The output power with the rotational speed for different proposed diameters at 
isentropic = 1   
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Figure ‎4-11 : The calculated nozzle area vs the rotational speed for different proposed diameters at 
isentropic = 1   
 
 
 
Figure ‎4-12 : The thermal efficiency with the rotational speed for different proposed diameters at 
isentropic = 1   
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Figure ‎4-13: Optimum total nozzle area for D=0.15m 
 
Based on the theoretical analysis presented in Figure ‎4-13, the optimum nozzle area (per 
nozzle area) was selected and the CAD designed was produced. The selected optimum nozzle 
area was between 90-96 mm
2
 for two nozzles. Thus for one nozzle area will be 46 mm
2
 - 
48mm
2
 due to the division of the total nozzle area by two. The isentropic efficiency was about 
0.5 to 0.75 and the selected rotational speed was in the range of 5,000 – 10,000 rpm. This 
design was used to manufacture the rotor with optimum exit nozzle area as seen in Figure 
‎4-14. The rotor was made of aluminium to reduce the weight of turbine.  
The turbine was manufactured in the RMIT workshop based on the manufacturing drawings. 
After the manufacturing, the turbine rotary assembly was taken for balancing at 10,000 rpm 
at an external balancing company to match the ISO G2.5 standard. The total weight of the 
turbine assembly is about 11.6 kg. 
 
 
0
10
20
30
40
50
60
0 5000 10000 15000 20000 25000 30000 35000 40000 45000
η=1.00
η=0.75
η=0.50
N
o
z
z
le
 A
r
e
a
 (
m
m
2
)
Rotational Speed (rpm)
= 10kW, Th=75 C, Tc=25 C, D=0.15m, Isopentane
Optimum Nozzle Area 
95 
 
 
Figure ‎4-14: the exit nozzle area after assembling two rotors  
 
4.3.2 FEA Simulation for design pressure test  
A pressure test also was applied on the inlet to examine the pressure on the inlet part of the 
turbine as seen in Figure ‎4-15 and Figure ‎4-16. The result from this simulation test was to the 
highest degree acceptable and much more above the standard requirement. More details are 
shown in appendix A-12.  Strength analysis of the part of the turbine assembly that is 
exposed to the high pressure has been conducted and the factor of safety for all part analysed 
is more than 3. 
Exit nozzle 
Area  
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Figure ‎4-15: The pressure test simulation of Isopentane supply connection to turbine 
 
 
Figure ‎4-16: The Study Stress of Isopentane supply connection to turbine housing  
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4.3.3 Manufacturing of the New Reaction Turbine 
The design and manufacturing of the reaction turbine was based on CAD modeling which led 
to the stage of manufacturing. The materials were selected based on availability, reliability 
and cost. Two materials selected for manufacturing were stainless steel and aluminum.   
As it can be seen in Figure ‎4-17, the reaction turbine assembly was assembled in a housing 
which used to house the reaction turbine rotor and the shaft. The housing is made of stainless 
steel tube with length of 120mm and diameter of 160 mm, but when it is measured with the 
flange, the diameter increases to 240mm. There are two 240mm diameters stainless steel of 
the slip on flanges. These flanges are essential in the design in order to be assembled with the 
two outer bearing housing. On the main housing body, there is a round hollow bar. This 
hollow bar is important to ventilate the expanded working fluid in the housing. It is connected 
to a pipe before the condenser. 
On the outer bearing housing from both sides, there are two of the locating bearings on both 
side of the turbine housing which are used to cover both ends of the housing as seen in Figure 
‎4-18 and Figure ‎4-19. . From the side of inlet into the expander, there is an inlet supply 
connection to cover the inlet side and to be capable with the high pressure of the working 
fluid Figure ‎4-20. As the working fluid flow to enter the reaction turbine, it then flow through 
the hollow shaft and enters the inlet nozzle as it can be seen in Figure ‎4-21. The final 
assembled reaction turbine is installed and coupled via a shat with the DC generator shown in 
Figure ‎4-22. 
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Figure ‎4-17: The reaction turbine housing   
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Figure ‎4-18: the top side of the locating bearing on the end of the turbine housing    
 
 
Figure ‎4-19: the bottom side of the locating bearing on the end of the turbine housing    
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Figure ‎4-20: the inlet supply connection to the turbine housing     
 
 
Figure ‎4-21: the inlet nozzles on the rotor  
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Figure ‎4-22: The new reaction turbine is installed and coupling via shaft with DC generator 
 
4.1 Experimental Prototype structure  
The test prototype was built in RMIT to model the binary power system for experimental 
validation. It was kept with sufficient spacing between the components for the purpose of 
system monitoring during the all tests. There were two observation sections made of glass 
material and connected to the pipes either side of the turbine, where one was before the 
turbine inlet and after the heat exchanger. The second observation section was after the 
turbine exit and before the condenser. The purpose of the observation sections is to visually 
observe the phase of the working fluid during the experiments for ORC and TFC.  
The experimental prototype was designed to maintain the pressure losses around the system 
and the internal diameter of the working fluid piping was specially considered. It is essential 
to match with the contractions with the internal diameter of piping at various joints points of 
between the components of the test prototype. The contraction is placed at the entry of 
component in order to reduce the flow losses due to the friction of the pipe. As seen in Figure 
‎4-23, Bend radii piping type was used to reduce the pressure loss due to the bend piping.   
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Figure ‎4-23: Bend radii piping type 
A 15 litre reservoir was installed above the feeding pump and after the condenser. The 
function of this reservoir is to maintain free draining of the condenser whilst giving the pump 
a priming head. As a result, there is reduction of any possibility of cavitations when using 
relatively high condensing temperatures during the experiments. The working fluid reservoir 
is made-up from a 2.5 MPa rated cylinder that has incorporated within it a removable 40 
micron mesh filter. The pressure in the reservoir is maintained to be always being under 
100kPa (absolute) pressure. Also, the reservoir has been hydrostatically tested for 500 kPa for 
safety requirements.  
For the pressure analysis requirements, the maximum pressure in the rig is about 700 kPa 
(gauge) or nearly 7 bar between the delivery port of the feed pump to the inlet of the turbine 
as shown by red colour line as see in Figure ‎4-24. When the working fluid expands inside the 
turbine, the pressure will reduce to about 100 kPa (gage) and this pressure is maintained till 
just before the suction port of the feeding pump. A pressure relief valve has been installed 
before the inlet part of the turbine f or safety reasons. This valve has been tested before 
operating the experimental rig by pressuring air up the 900 kPa (Gauge). In addition, the 
reservoir in this test prototype is used to store the extra working fluid to make sure the feed 
pump will never run dry. The reservoir’s pressure is always maintained be under 200kPa 
(Absolute) pressure. However, this reservoir had been hydrostatically tested for 500kPa 
(gauge) by a professional expert to make sure it is safe to avoid any extra pressure hazard. 
103 
 
 
Figure ‎4-24: The high pressure is showing in red line on the experimental prototype showing 
 
Some modifications are required to be done on the test prototype when the new reaction 
turbine is installed. The additional constructions are required due to the difference in 
dimensions between the screw expander and the reaction turbine. The diameter of the 
reaction turbine is larger than the diameter of screw expander, and thus axis height will be 
higher when the reaction turbine is installed. It is required to increase the height of the pipe in 
both sides few centimetres. In Figure ‎4-25, it can be seen an example of the further 
construction and extension in piping system during the installation of the new reaction 
turbine. Further modification after installing the new reaction turbine included testing the 
shaft torque before conduction the experiment the test was required to check if the shaft can 
be rotated the minimum torque that due to the sealing on both ends of the reaction turbine. 
Further details about this test are explained in Appendix A-13. 
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Figure ‎4-25: Further construction and extension in piping system were applied to install the 
new reaction turbine 
 
4.2 Conclusion 
In conclusion of this chapter, the components of the test rig were selected to demonstrate the 
theoretical analysis with mainly the reaction turbine. The unit of the test rig used in this 
experimental rig were expanders, generator, heat exchanger, condenser, feeding pump and 
flow meter.  
Two expanders were used, the twin screw expander and the new designed reaction turbine. 
Using the reaction turbine with TFC in binary power system rig was aimed to increase the 
power production especially to expand a saturated hot liquid with higher pressure.   
A 24 VDC motor were used in reverse as a generator, this generator was coupled via a shaft 
with the expander to transmit the mechanical energy to this generator. An electronic load cell 
was connected between the cradle of the generator via a holder arm to measure the output 
torque. Also, the two electrical poles were connected to an electronic DC load unit to verify 
the load in order to change the rotational speed and apply different conditions on the 
experimental power system rig. 
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The heat exchanger used were large enough to recover more heat from the thermal source as 
it was mentioned that TFC could recover more heat from the thermal source.  
The feeding pump was pneumatically operated and pumps up to 18.9 L/m. The feeding pump 
was monitored by a flow meter for monitoring the working fluid. There were another two 
flow meters used to monitor the hot water source and the cool water source.  
For designing the reaction turbine, it was needed to determine the optimum nozzle area. The 
optimum total nozzle area of the reaction turbine is independent of the output power and is a 
function of mass flow rate, specific volume and relative velocity of the working fluid 
(isopentane). The relative velocity is directly influence by the rotational speed. Therefore, for 
a constant mass flow rate, the nozzle area decreases with increasing rotational speed. The 
diameter of the rotor was chosen to be 0.15 m for the design due to the limitation on the size 
of the rig. The optimum condition of the reaction turbine was based on the targeted 
performance of the turbine. The targeted rotational speed of the rotor would be in the range of 
7,500-15,000 rpm. The range of the optimum total nozzle area was found to be at 36-38 mm
2
. 
There were two nozzles on the turbine therefore this estimated optimum area was then 
divided by two to give the area of each nozzle. 36 mm
2
 or 38mm
2
 will likely be used as it 
gives exact number when divided by two. 
A simulation on CAD software had been conducted on the reaction turbine design to examine 
the parts with high pressure and strength analysis. The pressure test simulation was mainly on 
the inlet parts and the result showed good results with high factor of safety for parts analyzed 
and was more than 3 as a factor of safety.  
The manufacturing of the new reaction turbine was limited to be within the current 
experimental rig test. However, a further extension and modification were applied on the 
prototype to host the new reaction turbine. Addition extension was added to some pipes. The 
generator and reaction turbine cradle were modified to be moved to a higher level.  The 
assembly was followed by a pressure test to test pressure on mechanical sealing and bearing 
on the reaction turbine.  
In the subsequently chapter, a discussion about further instruments and experimental test will 
be introduced with screw expander and reaction turbine. 
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CHAPTER 5                  
EXPERIMENTAL PROCEDURE, RESULTS AND 
ANALYSIS  
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5.1 Introduction:  
This chapter presents the experimental procedure and results of the binary power system 
prototype under different operational conditions with Rankine cycle at first and with 
Trilateral cycle at second. Two types of expanders were used for both Rankine and Trilateral 
cycles (screw expander and simple reaction turbine). 
The main purpose of the testing ORC and TFC with screw expander is to collect performance 
data for both cycles. The experimental results obtained from ORC with screw expander are 
used as benchmark for other tests. As for testing TFC with screw expander, it is important to 
examine and compare the results with ORC which will determine the effectiveness of using 
TFC as an operating thermodynamic cycle in binary power system. 
In the second test, where the reaction turbine was used, ORC was not tested because of two 
main reasons. First, the reaction turbine was designed for TFC to allow for the maximum 
amount of volumetric expansion in the TFC. This turbine was not designed for ORC. 
The average tested temperature was maintained between 85 to 70ºC from the heating water 
inlet in the laboratory.  The laboratory test was important to match as much as possible the 
theoretical study based on 75ºC. And because of the upper limit of the trials, the heating 
temperature of the hot water source was used at average of 75ºC.  As the test prototype was 
running during the test procedure, the hot water source could not maintain the heating rate of 
the hot water and caused the supplied hot water temperature to decrease below the required 
temperature for test. On the other side where the cooling water was supplied, the temperature 
of the cooling water at the inlet condenser was controlled by the chiller source in the 
laboratory. The average temperature at the inlet condenser was between 20 ºC to 26 ºC. 
The flow rate for the hot water supply was set to a constant value around 32 to 36 L/min. the 
flow rate of the cooling water was between 32 to 36 L/min without varying both flow rates 
during the experiments. The flow rate for both the hot water and the cooling water was set to 
feed the experimental apparatus. In the other loop, where the working fluid was circulating 
and varying during the experiments, varying the flow rate of the working fluid was to apply 
different parameters for the consequence on the results and also to achieve a true 
thermodynamic cycles either for ORC or TFC. 
During the test operation, there might be a chance of the test prototype operating in the 
thermal cycle that could pass a mixture of saturated liquid and saturated vapour via the 
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expander. The case of isobaric in TFC operating test would occur when the heat transfer rate 
in the heat exchanger exceeds that required by the sensible heat increase required in a TFC. 
During the case of TFC tests, the flow rate of the working fluid was maintained to achieve 
just the sensible heat transfer for TFC operational circumstances. In this case, it was 
important to keep the accuracy for equipment adjustment allowed. It was done by applying 
the physical TFC for the purpose of analysis and to avoid the boiling procedure to be happing 
for the working fluid. 
In order to obtain different power output at different rotational speed (rpm), the torque load 
on the expander shaft was varying by changing the electronic load on the generator. All these 
variation was done while the temperatures and flow rates were at the permutations conditions. 
From the above testing method, it was achievable to find out the maximum power output 
condition and to reach the steady state operating stage before the power started to decreases 
while the load was increasing.  The duration of the characteristic steady state time was 
applied for the couple of times and for each time of the test it was around 30 to 45 minutes. 
The data were collected from many experimental trials to find out the average results over 
several times. Consequently, some of the parameters that matched the theoretical data were 
used for the mathematical modeling in chapter 3. 
The experiments had two main stages, first was with the screw expander for both cycles and 
the second core test was for TFC with the new reaction turbine. Experimental analysis of the 
results and comparative studies will be presented in the next sections. 
 
5.2 Laboratory Setup, Instruments and Methodology: 
5.2.1 Laboratory Setup and Instruments for data monitoring 
It is crucial to monitor the pressure of isopentane around the system especially before and 
after the turbine. Monitoring the pressure is important for regularly monitoring the 
isopentane’s pressure and for confirming of the expected pressure where phases can be 
changed. Four of the pressures monitoring gauges were installed in the prototype. First gauge 
was installed before the turbine inlet, after the turbine exit. Another one was between the heat 
exchanger and the feeding pump. And last gauge was installed between the condenser and 
before the feeding pump. These pressure gauges are made by Robinair brand, and there is 
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compound refrigerant gauge as displayed in Figure ‎5-1. These gauges are compatible to be 
used with a hydrocarbon fluid like isopentane under different temperatures and pressures 
during the experiments. However, the collected data of the pressure are not used for further 
analytical calculations and thus data are not the level of accuracy overly. 
For temperature data monitoring, nine thermocouples were inserted into the centre of 
working fluid “isopentane” stream during the test operation in order to measure the 
temperatures of isopentane at different points of the prototype via a data acquisition system. 
The thermal monitoring was performed to monitor the hot water, cool water, and isopentane 
by using “T-type” thermocouples wires as a special grade. 
For isopentane, the thermocouples were installed in the prototype at points directly before the 
entry and after the exit of the turbine. Also, the thermocouples were installed at the entry and 
the exit of the heat exchanger and the condenser. Installing the thermocouples was to 
penetrate the wall of the working fluid pipes and monitor the working fluid in the centre of 
the fluid stream as mentioned before. For the hot water, the temperature was taken 
instantaneously prior to the way in and the way out of the heat exchanger. And the same 
installation procedure was done with cooling water where the temperature of the cool water 
was taken instantaneously prior to the way in and the way out of the condenser. Further 
technical details about the thermocouples used in this project are attached in Appendix A-14. 
 
 
Figure ‎5-1: Pressure gauge, Robinair brand  
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Figure ‎5-2 shows the hot and the cool water supplies in the laboratory. The hydrothermal 
source was supplied via a hot water supplier bench to model the low grade heat source. There 
were two sides in this water supplier bench to supply two different temperatures of water. 
One side was for the heating and supplying the hot water, and the other side was for cooling 
and supplying the cool water to the condenser. The hot water side can supply water with up to 
100 ºC and a maximum flow rate of 58 L/min. The cool water side had a refrigerator that can 
cool down the water to nearly 6 ºC. The water bench was connected to a multi channels 
digital thermometer to show the reading temperatures on both sides as seen in Figure ‎5-3 (a, 
b).  
In addition, a digital tachometer was used to capture the output rotational speed in rpm. It is 
important to record the rotational speed in analysing the functional performance of the screw 
expander and the reaction turbine during the experimental tests. The tachometer has a high 
visible digital display to instant RPM recording, and the infrared “IR” light is pointed directly 
to measure the RPM on the rotating coupling shaft. There is a physical contact by the optical 
detection technique that requires the IR light emitting the rotational motion. One the captured 
top rotational speed in RPM is shown in Figure ‎5-4. 
 
Figure ‎5-2: Hot water and cool water supplier 
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Figure ‎5-4: A recorded top rotational speed test during TFC test with Reaction turbine using 
the digital tachometer. 
 
The laboratory prototype was constructed to carry out the experiment as a binary power 
system model with the screw expander and the reaction turbine in RMIT University. This 
prototype simulates the model of binary power system to convert the thermal energy into 
  
a b 
 
Figure ‎5-3 (a, b): Multi-channel digital thermometer, a) with hot water and b) with cool water 
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mechanical energy. This energy conversion is achieved via coupling between the expander 
and the generator for generating electrical energy as discussed earlier in chapter 4. 
 
5.2.2 Test Procedure:  
In order to apply Organic Rankine cycle (ORC) or Trilateral Flash Cycle (TFC) with screw 
expander in the first test and with reaction turbine in the second test, the experiment was 
started by reducing the flow rate of the working fluid, Isopentane. For this function, the 
feeding pump was used to control the flow rate of Isopentane within the prototype rig. 
Accordingly in this first test to apply ORC, the heat exchanger was able to heat up the 
isopentane to the vapour phase before entering the screw expander. In the second test of 
Trilateral Flash cycle, the flow rate of isopentane was increased until reaching the sensible 
heating of Isopentane. In this case, Isopentane was still in the phase of saturated liquid before 
the expander/turbine entry. 
The experimental test had been conducted under certain parameters to be matching as close 
as possible to the parameter values of mathematical modelling in chapter 3 to simulate the 
low temperature renewable energy resources such as geothermal or thermal solar. The 
temperature range of the hot source was between 85 ºC to 75 ºC, and the flow rate was 
maintained constantly at 33.6 L/min throughout all experiments. For the cooling side in the 
condenser, the temperature range applied was between 19 ºC to 26 ºC, and the flow rate was 
maintained 31.1 L/min constantly all the time. 
As shown in Figure ‎5-5 (a,b and c), certain instruments are connected to the binary power 
system experimental rig to collect the required data during the test for both cycles. In Figure 
‎5-5 (a), a Data Taker is used to collect all temperatures at all measurable points within 
experimental prototype. In the same way, an independent data acquisition system is used to 
record the temperature and the flow rate of hot water and cool water supplied to the testing 
system. Also, for measuring the output data, the generator is connected to an electronic load 
device with voltmeter and ammeter as seen in Figure ‎5-5 (b) and it is used to trace the voltage 
and the current from the electric DC generator. Furthermore, this electronic load is employed 
to apply the change of the magnitude of the electric load. Consequently, the output power can 
be recorded accurately from during the experiment. The digital Vishay strain indicator in 
indicator in Figure ‎5-5 (c) is used to log the value of the output force. This logged force is 
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important to monitor the torque output of the mechanical shaft at the end of the expander and 
turbine. 
 
  
(a) 
 
 
(b) 
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(c) 
Figure ‎5-5 (a,b,c):  Instruments are used in the experimental test 
 
As mentioned before in chapter 4, an observation section made of glass (sight glass) was 
installed before the expander/turbine to observe the phase of the working fluid, Isopentane, to 
differentiate between the saturated vapour phase in the case of ORC and the saturated liquid 
phase in the case of TFC. By using this method, it was able to confirm that the state of the 
working fluid before entering the turbine. In order to achieve the sensible heat transfer inside 
the heat exchanger for TFC, observation of the sight glass also helped to control the flow rate 
of the working fluid. In Figure ‎5-6, the sight glass is shown clearly the phase of a saturated 
liquid during TFC testing with the reaction turbine. 
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Figure ‎5-6: The sight glass in the prototype and shows clearly a saturated liquid during TFC 
test with the reaction turbine 
 
5.3 Results and data analysis  
Table ‎5-1 shows the results from the tests with screw expander for both ORC and TFC and 
reaction turbine for TFC at average hot water supplied of 75 ºC. A typical test by using hot 
water inlet and working fluid flow rate will be analysed in details for further clarification and 
explanation. Also, it is noticed that with some tests, it is difficult to be maintained the heating 
water supplied into the system and can be more or less than 75 ºC. However, the conditions 
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were very close and different in temperature between heating water supplied and cooling 
water supplied was almost the same at all conditions. 
 
Table ‎5-1 :  Results for a typical test for ORC with screw expander, TFC with screw 
expander and TFC with reaction turbine at average hot water supplied temperature 75 °C, at 
steady state operating condition  
Data description 
Values 
ORC with 
screw 
expander 
TFC with 
screw 
expander 
TFC with 
Reaction 
Turbine 
Isopentane Inlet to Evaporator Temperature in °C 23.86 16.97 15.3 
Isopentane Outlet Evaporator Temperature in °C 72.20 62.71 68.0 
Hot Water Inlet Temperature in °C 83.32 70.32 71.1 
Hot Outlet Water Temperature in °C 78.65 64.71 65.8 
Isopentane Inlet Condenser Temperature in °C 52.80 49.70 27.1 
Isopentane Outlet Condenser Temperature in °C 23.08 22.10 20.4 
Cool Water Inlet Temperature in °C 23.4 24.90 21.80 20.9 
Cool Water Outlet Temperature in °C 27.3 29.20 26.09 27.2 
Isopentane Volume Flow Rate in l/min 10.20 12.5 13.5 
Hot Water Volume Flow Rate in l/min 33.6 33.6 33.6 
Cool Water Volume Flow Rate in l/min 31.2 31.2 31.2 
Turbine Output Torque in N.m 0.28 0.39 0.40 
Mechanical Power in W 108.84 114 116 
Angular speed in rad/s 388.73 294.74 289.09 
Absolut Pressure at Evaporator and Inlet Turbine 
Pressure in bar 
3.3 3.8 
 
4 
Absolut Pressure at Turbine Outlet and Pump Inlet in 
bar 
1.3 1.2 1 
 
5.3.1 Heat Input  
As discussed earlier in chapter 3, by using the energy balance method in binary power 
system, the amount of heat input into the working fluid in binary power system can be 
calculated by calculating the amount of heat loss of the hot water supply (Rogers & Mayhew, 
1994).  From Table ‎5-1the values of saturated water can be used with decent accuracy for the 
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sub cooled water and interpolating at the average temperature of the water. From these 
values, the mass flow rate of the hot water provided into the binary power system can be 
calculated as follow:  
 ̇         
 ̇        
         
⁄        (5.1) 
By applying the values from the test of TFC with reaction Turbine, the mass flow rate is: 
 ̇         
            
            
  
 ̇                     
By repeating that for screw expander with ORC as follow: 
 ̇         
            
            
  
 ̇                     
And now for screw expander with ORC:  
 ̇         
            
            
  
 ̇                     
Then the value of the heat transferred into the evaporator can be calculated as follow for TFC 
with reaction Turbine: 
  ̇           ̇                                     (5.2) 
 ̇                         (         ) 
 ̇                   
Then the value of the heat transferred into the evaporator can be calculated as follow for ORC 
with screw expander: 
 ̇                         (           ) 
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 ̇                   
Then the value of the heat transferred into the evaporator can be calculated as follow for TFC 
with screw expander: 
 ̇                         (           ) 
 ̇                   
From the above calculation, the heat input was calculated by using the energy balance 
method. It can be then applied based on the heat transfer rate as calculated in equation 5.2.  
As the external area of the heat exchanger is small, it can be assumed that the heat loss to the 
atmosphere is negligible. 
However, the heat transfer into the prototype was high, and this could effect on the thermal 
efficiency and it can be a small value. 
 
5.3.2  Pumping Power from Feeding Pump 
The feeding pump is necessary to circulate the working fluid (Isopentane) at the required 
flow rate to differentiate between ORC and TFC. The required pumping power can be 
calculated as follow:  
             ̇          (5.3) 
      (   )     
   (     (        )) 
            W 
From the above calculation, it can be seen that the parasitic power draw of the pumping 
process “67W”. It is large amount of power and this affected on the thermal efficiency of the 
system. The feeding pump in this experiment was used before and it was noticed that its 
efficiency was low.  
 
5.3.3  Net Cycle Efficiency  
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It is important to find out the net cycle efficiency. It is defined as the net power delivered by 
the cycle divided by the heat supplied into the system. The net power is calculated as the 
gross power output subtracted by the working fluid pumping power. The required power 
drain of providing the heat source and sink was neglected in this case of study. To find out 
the net cycle efficiency, it is required to find out the power output and the pumping power 
and to be divided heat transferred into the evaporator as follow: 
      
             
 ̇          
        (5.4) 
However, as the pumping power was large and not efficient, it was decided to be not assumed 
to calculate the net cycle efficiency and calculate the thermal efficiency in this case of the 
study for tests.  
 
5.3.4  Sensible Heat Transfer Calculation 
In order to calculate the heat transfer of the working fluid inside the evaporator, it is 
necessary to measure the flow rate and the temperature of the working fluid. 
The value of the isobaric coffining of specific heat at constant pressure (Cp) is used at the 
mean working fluid temperature in the evaporator. This is to calculate the amount of the 
required heat for heating the working fluid at just sensible heat temperature. In order to find 
out the value of the Cp, it is important to take this value from the fluid properties of 
isopentane by using the average working fluid temperature in the evaporator. With TFC test, 
the heat required to sensibly heat up the working fluid (Isopentane) can be calculated as 
follow:  
 ̇                ̇                                                    (5.4) 
In case there is a phase change such as liquid to vapour, the heat transfer can be calculated by 
using the difference in enthalpy (h) and the value of Cp will be not used as seen in equation 
(5.5):  
 ̇                ̇                                  (5.5) 
By using equations (5.4) and data from table (5.1), the amount of the sensible heat transfer 
can be calculated as follow: 
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  ̇                ̇                                                     
 ̇              
 ̇             
               
                                      
 ̇              ((
    
  
      )        )       (       ) 
 ̇                          
 
5.4 Results and Discussion 
5.4.1 Experimental results and discussion of ORC and TFC with the Screw expander 
Both of the mechanical power and the overall efficiency against the rotational speed are 
presented as the main outcome of the experimental tests for both cycles. First, the results 
include the output data from Organic Rankine Cycle (ORC) and Trilateral Flash Cycle (TFC) 
with the screw expander. Secondly, the main objective test is to present the results from the 
Trilateral Flash Cycle (TFC) with the new reaction turbine.  
In the first test, it was with the aim of running the test rig as ORC with the screw expander. In 
order to find out the calculated output mechanical power, it is required to calculate the output 
torque and multiply this torque by the angular speed. Furthermore, during the experiment of 
ORC with the screw expander, the mass flow rate of the supplied hot water was maintained 
constantly at 31.1 kg/min and the inlet hot water source temperature (Ti,water) was initially 
started at 83.32 ºC and the rejected water was (To,water) 78.65 ºC. The working fluid gained 
the required heat to be a vapour and its temperature increased to (Ti,isopentane) 72.2 ºC at the 
absolute pressure 3.3 bar and the isopentane mass flow rate was 6.32 kg/min. As  the working 
fluid had vaporised and expanded inside the expander, the pressure dropped dramatically to 
1.3 bar (absolute pressure) and the isopentane temperature decreased as well to (Tout, water) 
52.8 ºC. The supplied cool water entered at 24.9 ºC into the condenser and returned at 29.2 ºC 
where isopentane condensed at temperature (Ti, isopentane cool) 23.08 ºC. This ORC test with 
screw expander was conducted at full load at the first operating and the recorded power was 
17 W at 298 rpm and the efficiency was 0.14%. Then the power started to increase as the load 
was decreasing until the highest value was achieved. 
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As seen in Figure ‎5-7 the measured value of the mechanical power was 108.8 W at speed of 
3715 rpm and the maximum efficiency achieved was 0.99 %. After this point of the test, the 
power initiated to decrease dramatically until it dropped to 41.4 W at speed of 4394 rpm, and 
the efficiency was also dropped to 0.36 % at zero electrical loads. 
In the second test for TFC with the screw expander, the mass flow rate of water was 
maintained also constant at 31.1 kg/min, the temperature of the supplied hot water source (Ti, 
water) was 70.32 ºC and the returned hot water from the heat exchanger was (To) 62.71 ºC. 
Isopentane gained the thermal energy and its temperature increased to (Ti, isopentane) 62.7 ºC 
with absolute pressure 3.5 bar. The mass flow rate of the isopentane was 7.53 kg/min which 
was higher than in ORC where it circulated in form of hot saturated liquid to the phase of the 
sensible heating. As a result, the Isopentane, as a saturated hot liquid flashed inside the 
expander where the isopentane temperature decreased to (To, isopentane) 49.7 ºC and the 
pressure dropped from 3.5 bar to 1.2 bar (absolute pressure). Subsequently, the supplied cool 
water entered at 21.8 ºC and returned at 26.09 ºC at the condenser where isopentane 
condensed to lower temperature at temperature (Ti, isopentane cool) 22.1 ºC. At the full load as 
seen in Figure ‎5-8 the power at speed of 418 rpm was 25.4 W and the efficiency was 0.13 %. 
As the load was getting to be reduced, the highest output power was achieved at 114 W at 
2816 rpm and the efficiency was calculated at 0.64 %. Then the power started to decrease to 
some extent as the load is attained closer to zero load. The recorded mechanical power at 
4564 rpm was 52.6 W and the calculated efficiency was 0.3%. 
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Figure ‎5-7: Mechanical power (W) and overall efficiency (%) at different rotational speed 
(rpm) for ORC – Screw Expander 
 
Figure ‎5-8: Mechanical power (W) and overall efficiency (%) at different rotational speed 
(rpm) for TFC – Screw Expander 
 
5.4.2 Experimental results and Discussion of TFC with the new reaction turbine  
In the following stage, the screw expander was replaced with the new designed reaction 
turbine and performance tests were re-conducted. The same test procedure from the second 
test was followed when testing the new reaction turbine with TFC.  
From Figure ‎5-9, it is observed that the new reaction turbine generated 116 W at 2762 rpm 
and achieved an overall efficiency of 0.93%. Also, the maximum achievable rotational speed 
at no load is recorded at 7486 rpm. 
At the exit of the turbine, it was observed that the Isopentane was flashed in the phase of 
saturated mixture fluid as it was seen through the sight glass. The isopentane temperature was 
measured at average of 27. Simultaneously, the pressure of the Isopentane dropped to the 
level of the atmospheric pressure and was recorded at 1 bar absolute pressure. Based on these 
two observations, it was concluded that the flashing of the Isopentane was happening 
partially inside the turbine nozzle.  
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Figure ‎5-10 shows that as the rotational speed increases, the absolute velocity of Isopentane 
at the turbine exits decreases due to the effect of increase in the rotational speed. At the same 
time, the inlet temperature of Isopentane slightly decreases. That was due to the fluctuation in 
the inlet and outlet temperatures were due to turbine ON and OFF of the heat bench electrical 
element. Also it can be seen that the outlet temperature of Isopentane at the condenser exist 
increases slightly as the temperature of the cooling water supplied increases slightly. 
As seen in Figure ‎5-11 that the highest mechanical power produced by the new reaction 
turbine in the TFC test for Isopentane supplied at 68.8 C is approximately 116 W an 
isentropic efficiency of about 84.5 %. Moreover, it can be seen that the maximum isentropic 
efficiency is calculated to be roughly about 94 % at very lower rotational speed while the 
electric load is applied. As advantage of tThe reaction turbine with the high speed, it can 
increase the torque and it is easy to be manufactured when it is compared to other trubines.   
 
Figure ‎5-9: Mechanical power (W) and overall efficiency (%) at different rotational speed 
(rpm) for TFC - Reaction Turbine 
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Figure ‎5-10: Experimental outcomes of absolute and relative velocity and outlet turbine 
temperature at different rotational speed for TFC test with the new reaction turbine  
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Figure ‎5-11: Experimental outcomes of Mechanical power (W) and isentropic efficiency (%) 
of the reaction turbine at different rotational speed for TFC test with the new Reaction 
Turbine   
 
Table ‎5-2 presents the results summary of the three experiments which include ORC and TFC 
with the screw expander, and the TFC with the reaction turbine. ORC was the benchmark to 
be referred latterly to the results from TFC on the test prototype. ORC with the screw 
expander has higher efficiency but lower power production than TFC with reaction turbine. 
It is noticed from the comparison table in Table 5-2 between that the working fluid mass flow 
rate is lower in ORC. The working fluid was able to vaporise inside the heat exchanger due to 
the phase change from a liquid phase to a saturated vapour phase. On the other hand, the 
mass flow rate of the working fluid in TFC with the screw expander and the reaction turbine 
is higher. So, the working fluid was still in the phase of a saturated liquid after gaining the 
required heat until reaching the point of the sensible heat inside the heat exchanger. 
In overall, ORC has higher overall efficiency than that of TFC but the efficiency of TFC test 
with the reaction turbine was significantly improved to match the efficiency of the ORC 
nearly. Although, the largest output power, however, was recorded for TFC with the reaction 
turbine. These outcome results match the theoretical analysis was introduced in the earliest 
chapters. It is also noticed, the maximum rotational speed was recorded at about 7486 rpm by 
the reaction turbine during TFC test. The sonic speed of reaction turbine rotor could increase 
with the reaction forces from the turbine as it has the ability to go for a higher volumetric 
expansion ratio. 
5.4.3 Comparison of the theoretical results with the experimental data 
From chapter 3 in section 3, the maximum calculated power from the theoretical 
mathematical modelling was 344 W at isentropic efficiency 1, 286 W at isentropic efficiency 
0.75 and 218 W at isentropic efficiency 0.5.  
Moreover, the observed maximum at average of 75 °C was 116 W. This value is about the 
half calculated value from the mathematical modelling at isentropic efficiency 0.5.  If the 
isentropic efficiency is 0.25 in the mathematical modelling then the calculated power can be 
about 109 W.  By comparing these values, the operated isentropic efficiency for the 
experimental data is roughly about 0.28. 
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Table ‎5-2 :  Results summery of the three tests for ORC with screw expander, TFC with 
screw expander and TFC with the new reaction turbine  
Expander 
Type 
Average Hot 
water 
source 
temperature 
Cycle 
Type 
Power  
(W) 
Efficiency 
(%) 
Max 
rotational 
speed 
(rpm) 
Working 
Fluid 
1)Screw 
Expander  
75 °C ORC 108.8 0.99 % 4394 
Isopentane 
R601a 
2)Screw 
Expander  
75 °C TFC 114 0.64 % 4564 
Isopentane 
R601a 
3)Reaction 
Turbine 
75 °C TFC 116 0.93 % 7486 
Isopentane 
R601a 
       
 
 
5.5 Conclusion  
This chapter presented the test procedure and the experimental analysis between ORC and 
TFC by testing the both cycles on the laboratory scale to simulate the binary power system 
using a low grade heat sources. The experimental tests include the ORC at first with the 
screw expander in order to have a benchmark out of the experimental prototype. Then the 
experimental test involved the TFC test with the screw expander in order to find out the 
performance of the TFC. In order to improve the utilisation capacity of the TFC technology 
system with the reaction turbine, further study and investigation are needed to be done using 
TFC with a more efficient turbine. Also from the experimental test, it was found out that the 
screw expander was not efficient with TFC. It is required to develop and study the binary 
cycle with TFC using another type of expander or turbine in order to increase the efficiency 
of the cycle, by utilizing the huge thermal energy of this cycle. This was conducted in the 
third test and the main experiment of this research by applying the TFC with the new reaction 
turbine. 
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From the experimental test with the screw expander, ORC has higher overall efficiency than 
TFC. However, TFC was recorded for the largest output power, which has the ability to 
recover more thermal energy from low-temperature thermal resources than ORC by 20% to 
40%. In addition, TFC with the reaction turbine produced the largest power and also the 
efficiency was improved to match nearly the efficiency of the ORC. From the TFC 
experimental test in the binary power system using the reaction turbine, it was successfully 
improved that TFC can recover more thermal energy from the low temperatures resources. 
Also, TFC can utilize the larger amount of this energy with better efficiency.  
For TFC test with the reaction turbine, it was supplied with Isopentane at average 
temperature of 70C; the turbine had a maximum isentropic efficiency of around 94%. The 
average Isopentane flow rate was around 13.5L/min. The power output of the turbine was 
observed to be peak 116W when the corresponding isentropic efficiency of the turbine was 
around 84.5 % and the Isopentane temperature was around 68.8 C. It should be noted that 
the nozzle curvature used in this study is optimal for around 5000 rpm and hence at lower 
rotational speed the turbine has lower efficiency. In addition, it is observed that the turbine 
mechanical efficiency rises as the turbine rotational speed increases.   
 
CHAPTER 6                      
CASE STUDY (BIRDSVILLE GEOTHERMAL 
POWER PLANT)  
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6.1 Introduction  
In this chapter case study have been done with focus on the geothermal energy technology. 
The case study is based on a current binary power plant using a geothermal resource in 
Australia, the Birdsville Geothermal power plant. It is the only operated geothermal power 
plant running in Australia today and produces 120 kW gross electricity from 98 ºC 
geothermal resources.  
In section ‎6.2, a review about geothermal energy in Australia will be introduced. The review 
includes the geothermal resources and a background about depth and temperature of the 
geothermal resources with most current applications are in use based on this renewable 
resource. Then in section ‎6.4, the background and current situation about the Birdsville 
geothermal power station will be discussed as a case study in this chapter. The technical 
details with diagrams about this power station will be introduced in section ‎6.5.  
In this chapter, two proposed studies have been carried out on the power station with the 
current thermodynamic cycle. The first proposal will be to replace the current cycle with TFC 
as a thermodynamic cycle and to use the reaction turbine as an expander. Further discussion 
will be introduced in section ‎6.6. This proposal is applied the main concept of this research 
which is to use TFC with reaction turbine in binary power plant. 
The second proposal will add a TFC with reaction turbine to the current ORC. Hence the 
ORC does not recover most of the geothermal water supply. In another word, rather than to 
reject the outlet hot water from the heat exchanger to well again, it can be reused in a new 
thermodynamic cycle, the TFC, to recover the rest of the heat and it can then produce more 
additional power as it will be discussed in section ‎6.7. 
In this case study, a theoretical analysis will be conducted to analyse the performance for the 
three cycles. This analysis will be discussed on the evaluation and comparison between the 
current situation and the two proposals at the end of this chapter.   
 
6.2 Geothermal Energy in Australia 
Geothermal reliability and productivity have been increasing in the world since the last 
decade. In 2000, around 21 countries produce around 7.9 GW of power (Fridleifsson, 2001). 
More than 11.8 GW of power are produced today from more than 46 countries 
(GeothermalEnergyAssociation, 2013).   
130 
 
The geothermal resources can be classified into low grade heat, below 150°C, and higher 
grade for more than 150°C to 400°C. In Australia, at average depth of 4 to 5 km, most 
geothermal resources are geographically much more widely distributed comparing to the high 
temperature resources. As in high grade resources, the efficiency is much higher to produce 
electricity. For this reason, utilising geothermal energy is limited to countries where 
geothermal fluids are in high temperature. However, today with increasing and improving the 
technology, utilising low grade heat geothermal energy is getting wider around the world. 
Putting it simply, in low grade heat, the geo-fluid is hot liquid but it is not a vapour which can 
make the expander to rotate. Utilising the binary power system helps to produce power from 
low grade heat.    
Geothermal energy is not a significant resource for power in Australia. However, Australia 
has started to invest more research works in generating electricity from geothermal energy in 
the last decade. This is due to the climate change and increasing in fossil fuel price (SKM, 
2005).   
The potential geothermal energy in Australia is vast and could be yield approximately 1.2 
billion petajoules. It is 26,000 times Australia’s primary electrical usage in 2005 
(Departmenet of Resources  Energy  and Tourism, 2008). The availability of hot geo fluids 
are mostly at 150 ºC at depth of 4 to 5 km as seen in Figure ‎6-1. It is reported by the 
Australian geothermal energy association that Australia could generate more than 2.2 Giga-
watts of base load from geothermal energy by 2020  (Departmenet of Resources  Energy  and 
Tourism, 2008). 
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Figure ‎6-1: Estimated Geothermal Temperature at 5 km Depth in Australia (Departmenet of 
Resources  Energy  and Tourism, 2008) 
 
6.3 Power Generation in Australia  
Geothermal energy resources in Australia have been discussed in the previous section. 
Economically, Australia would not consider utilising geothermal energy to produce power as 
the cost power watt is higher than using fossil fuel to produce power. Another issue, Australia 
has vast geothermal energy resources but mostly at low grade heat. For these two main 
reasons, power generation from geothermal energy was not efficient to be considered 
previously in Australia. However, today with improving the technology of utilising the low 
temperature heat, such as generation by using binary power plants, the geothermal energy 
will be part of the commonwealth plan to be involved as a renewable energy resource by 
2020. Australia sets a goal to produce about 2.2 Giga watts from geothermal energy by 2020. 
Indeed, geothermal energy can provide a load based, clean and environmentally source of 
electricity.  
132 
 
In a small town In Queensland State, Birdsville, a geothermal power plant is currently 
operating to generate power from low temperature geofluid. The power station can produce 
120 kW of gross power from 98 °C. 
 
6.4 Background about the Birdsville power station   
In a small town in western of Queensland State in Australia, Birdsville, the only operating 
Geothermal Power Station in Australia produces a clean energy for almost one quarter of the 
required energy to this small town. It is a low grade heat geothermal power plant to provide 
80kW of net electrical power. The Birdsville was initially constructed in 1990 with some 
issues that made delay in operating to produce power. Some of these issues were related to 
the technical design with the proper screw expander as it was twice bigger than the requested. 
Another issue was related to the working fluid as originally was R114 (chlorofluorocarbon) 
which was ban by Australian environmental commitments because it was damaging the 
ozone layer (Departmenet of Resources  Energy  and Tourism, 2008).  
The produced power saves lots of fossil fuel to the nation; it is about 160,000 litres annually 
and for the environment; it saves 430 tonnes of greenhouse gas emissions which is about 8.6 
million of black balloons power year (SKM, 2005). The geo fluid is taken from the Great 
Artesian Basin at depth of 1.2 km. The rejected water from heat exchanger is used to supply 
hot water to the town rather than to be reinjected to the geothermal well. 
The hot geo brine flows at 27 Litre per sec and the temperature heat source is 98 ºC. The 
working fluid inside the heat exchanger extracts the heat from the hot geo fluid to be 
vaporised. The working fluid is Isopentane and the thermodynamic cycle here is Rankine 
Cycle which is related to the main core of the research. Before Isopentane enters the expander 
(screw expander), the pressure is 4 atmospheric pressure and it is in phase of a saturated 
vapour. This is sufficient to convert the thermal energy to a mechanical energy. The 
mechanical power transfers via a shaft to the generator to produce 120 kW gross powers. 40 
kW will be used toward the feeding pump which purely 80 kW will be the net output from 
this binary power system at this low grade geothermal heat.  
The isopentane after the expander exits at lower pressure nearly to zero atmospheric pressure 
to enter the condenser and reject the heat with the 30 ºC cooling water. The working fluid 
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continues the cycle via feeding pump to be pressured before the heat exchanger and starts a 
new ORC; as seen in  
Figure ‎6-2.  Today, the government is investing more than $4.3 million to upgrade this 
geothermal power plant to produce more power and to meet the Australian safety standard in 
the future (ENERGY, 2013).  
In the next section, further technical analysis about the current power plant will be introduced 
following with the two proposed power systems  
 
 
Figure ‎6-2: Configuration of Geothermal Birdsville Power Plant (ENERGY, 2013) 
 
 
6.5 Current binary power system with Organic Rankine Cycle (ORC) 
The current binary power system in Birdsville is shown in Figure ‎6-3 with ORC and using 
screw expander. The flow rate of the geothermal fluid before entering the heat exchanger is 
27 L/s and temperature of 98 ºC. The working fluid, Isopentane, is heated up to 93.1 ºC as a 
saturated vapour to enter the expander and let it spins due to the volumetric expansion. The 
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rejected hot brine from the heat exchanger is 81 ºC and it is used for hot water supply in the 
town. At the cooling side, the condenser, the cooling water enters to the condenser at 25 ºC 
and leaves at 30 ºC. 
From this current situation, an analysis was carried on the ORC using a T-S diagram to 
illustrate the thermodynamic flow of the working fluid.  More information can be found in 
Figure ‎6-3 and Figure ‎6-4.  
 
 
Simplified Schematic of Organic Rankine Cycle 
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Figure ‎6-3:  Schematic diagram of current binary Power System with Organic Rankine Cycle 
(ORC) using screw expander 
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Figure ‎6-4:  Rankine cycle used in binary cycle power plant 
 
It is noticed that the heat recovered from the heat source by the system can be increased to 
extract more heat and then the power production can be increased. The difference in 
temperature between the hot geothermal source and the rejected heat from the heat exchanger 
is in equation ‎6-1 : 
                             ‎6-1 
This difference in temperature effects on the heat transfer value; where the power production 
can be increased if the quantity of the heat transfer increased. The thermal energy can be 
found from the mass flow rate, heat input constant and the difference in heat input and output 
in the heat exchanger as follow in equation        
   ‎6-2: 
 ̇     ̇                     ‎6-2 
 ̇             (     )              
The gross power produces from this system is 120 kW and 40 kW goes toward the feeding 
pump. Then the net power produced is 80 kW    
 
3 2 
Non-Isentropic process 
Isentropic process 
4 4' 
S kJ/kg K 
T ºC 
1 
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It is reported  that the efficiency is about 6 % for the gross power and about 4 % is the 
efficiency for the amounts to the total heat-use (ENERGY, 2013; Greenearth Energy, 2010). 
It is can be calculated based on the available data as follows: 
For the gross power 120 kW: 

      
 
   
      
         
For the net power 80 kW: 

      
 
  
      
         
 
In this section, a new proposed thermodynamic cycle with a new expander will be introduced 
to extract more thermal energy from the geothermal energy.  
 
6.6 Proposed Binary Power System with Trilateral Flash Cycle (TFC) and 
Reaction Turbine 
From the current power system in Birdsville, there is a potential to recover most of the heat 
from this geothermal resource. By recovering more heat, more power production can be 
produced. Trilateral Flash Cycle, TFC, is the thermodynamic cycle that can recover more 
thermal energy than ORC does. However, TFC needs a proper expander to expand most of 
the thermal energy to be converted into mechanical energy. The proposed expander in this 
case study is the reaction turbine as seen in the schematic diagram in Figure ‎6-5. As per the 
previous study in chapter 3 and chapter 4, this reaction turbine has the ability to extract more 
power.   
 In this proposed system, using TFC could increase the thermal energy more than twice in 
ORC as it can be found in the next equation: 
 ̇     ̇                     ‎6-3 
 ̇             (      )             
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Simplified Schematic of Trilateral Cycle Using 
Reaction Turbine 
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Figure ‎6-5:  Schematic diagram of the proposed binary Power System with Trilateral Flash 
Cycle (TFC) using reaction turbine 
 
 
 ̇    ̇      
 ̇                                                   
            ̇   
                      (               )               
                                       
 
We assume the feeding pump is working under 50% and then the pumping power can be 
calculated as follow: 

        
 
  
(      )
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The estimated gross power at 5000 rpm is varied between 138 kW to 208 kW with different 
rotor diameters sized between 0.2 m to 0.8 m as per Figure ‎6-6. The net power calculated 
based on loss in electrical energy and mechanical energy at 50% of the isentropic efficiency 
of the gross power. We assumed the 90% is the efficiency for each, mechanical and electrical 
energy. Another early assumption was 50% for the isentropic efficiency of the gross power. 
The calculated net power after these assumptions was varied between 97kW to 157kW for 
different diameters as seen in Figure ‎6-9. This net power can be replaced to the current 
produced net power from ORC, the 80 kW. However, this power is at isentropic efficiency of 
0.5 and for the more isentropic efficiency, the more power production can be produced. 
The net power in this case is resulted from the geothermal heat for heat input 98ºC to be 
applied with TFC and reaction turbine as seen in Figure ‎6-5. In this case, the replacement will 
be for the new reaction turbine and to apply TFC as the thermodynamic cycle rather than the 
ORC with screw expander. 
 
 
 
Figure ‎6-6: The calculated gross power for heat input 98ºC vs the rotational speed for 
different proposed diameters at isentropic = 0.5 
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Figure ‎6-7: The calculated nozzle area for heat input 98ºC vs the rotational speed for 
different proposed diameters at isentropic = 0.5 
 
 
Figure ‎6-8: The calculated efficiency for heat input 98ºC vs the rotational speed for different 
proposed diameters at isentropic = 0.5 
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Figure ‎6-9: The calculated net power for heat input 98ºC vs the rotational speed for different 
proposed diameters at isentropic = 0.5 
 
6.7 Proposed Combined Organic Rankine Cycle (ORC) with Trilateral Flash 
Cycle (TFC) and Reaction Turbine 
In this proposed system, the modification will be to combine TFC with the current ORC. 
Hence some unused rejected heat from the heat exchanger at 81 ºC, TFC could recover most 
of this thermal energy to be an added produced power before supplying the water to the town. 
The proposed combined system is show in Figure ‎6-10.  
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Simplified Schematic of Combined Rankine Cycle 
Using Screw expander (current) with Trilateral 
Cycle Using Reaction Turbine 
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Figure ‎6-10:  Schematic diagram of the proposed combined binary Power System of current 
ORC with TFC  
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The estimated gross power at 5000 rpm is varied between 80 kW to 110 kW with different 
rotor diameters as per Figure ‎6-11. The net power calculated based on loss in electrical 
energy, mechanical energy and the isentropic efficiency. It is assumed that 90% is the 
efficiency for each, mechanical and electrical energy. Another primary assumption was 50% 
for the isentropic efficiency of the gross power. 
The additional net power is resulted from the rejected heat for heat input 81ºC to TFC as seen 
in Figure ‎6-10. From this proposed system, the rejected heat at 81ºC from the current ORC 
system will be recycled before being sent to the town for water supply. It will be coupled 
with TFC using a reaction turbine to produce more power to be added to the current power 
generation.  
The calculated net power after these assumptions was varied between 61 kW to 87 kW for 
different diameters between 0.2 m to 0.8 m as seen in Figure ‎6-14. This net power can be 
added to the original net power from ORC, the 80 kW, and the total estimated net power from 
this coupling proposal will be about 141 kW to 167 kW.  
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Figure ‎6-11: The calculated gross power for heat input 81ºC vs the rotational speed for 
different proposed diameters at isentropic = 0.5  
 
Figure ‎6-12: The calculated nozzle area for heat input 81ºC vs the rotational speed for 
different proposed diameters at isentropic = 0.5 
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Figure ‎6-13: The calculated efficiency for heat input 81ºC vs the rotational speed for 
different proposed diameters at isentropic = 0.5 
 
Figure ‎6-14: The calculated net power for heat input 81ºC vs the rotational speed for 
different proposed diameters at isentropic = 0.5 
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6.8 Results and Analysis  
Three results are found from this case study, first performance of the Birdsville geothermal 
power station with ORC and screw expander. Second is the performance of the TFC with 
reaction turbine to replace the current power station. And the third result is the performance 
of the TFC with reaction turbine to be coupling with the current ORC with screw expander. 
First, in the current power plant, the produced gross power is 120 kW after consuming 40 kW 
for pumping the net power is 80 kW. The hot geofluid enters at 98 ºC and leaves at 81 ºC to 
be used for water supply to the town. Two proposed case studies had been introduced in this 
chapter to increase the power generation from this geothermal resource.  
Second, it is the proposed system of TFC with reaction turbine to be replaced with the current 
ORC and the screw expander. As a result, the reaction turbine will replace the screw 
expander and to apply TFC rather than applying the ORC. TFC has larger ability to recover 
more thermal heat from the geothermal comparing to ORC’s ability. However, TFC needs a 
more efficient expander to extract the thermal energy and convert it to a mechanical energy. 
For this reason, it had been proposed to utilise the reaction turbine instead of screw expander.  
The preliminary results show promising results at assumption of 50% of the isentropic 
efficiency. The proposed system could produce 97kW to 157 kW based on size of the 
reaction turbine rotor. It is recommended to use 0.8 m diameter rotor as it showed more 
power could be produced. This net power is nearly twice higher than the current net power 
from ORC.   
In the third result the proposed system which is coupling TFC with ORC, the principle in this 
case is to keep the current system but to utilise the rejected heat 81 ºC to be used with a TFC 
as a coupled system with ORC. The results are promising and could increase the total 
generated power from this two coupling systems. The ORC can produce 80 kW net power 
and the TFC could produce 61 kW to 87kW of net power. By adding these two generated 
powers, the total produced power could be 141 kW to 167 kW net powers based on size of 
the reaction turbine rotor. It is recommended to use the larger rotor diameter which is 0.8m to 
produce a total of 167 kW. This net power is based on 50% of the isentropic efficiency for 
the TFC system.    
As a result from the two new systems investigated, the TFC-ORC coupled systems is found 
to produce more net power than just replacing the current ORC system with TFC over 10 
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kW.  Also, the coupled system has an advantage that it can be used independent to each other. 
For example, a bypass flow from the ORC of the geofluid can be applied. So, the geofluid at 
98 ºC can operate the TFC without being flow via ORC and hence the TFC system can be 
operated independently.     
 
6.9 Conclusion of the case study   
In this chapter, two proposed systems have been introduced and discussed as case studies 
about the geothermal power plant in Birdsville. The case study about Birdsville showed 
promising results to use TFC with reaction turbine to increase the power production from the 
geothermal resource. The TFC coupled with the current ORC has more heat recovery and 
more power production. The aim of this case study is connect the outcome from this research 
to the industry where a current low temperature geothermal resource is in utilisation. It is 
targeting to introduce the TFC with the reaction turbine a new solution to be applied 
commercially for more thermal energy recovery and more power productivity from the low 
grade heat resources. 
It was shown how varying the rotor diameter can change the power production capacity of 
the reaction turbine used in a TFC cycle between 97 kW to 157 kW. It is higher than the 
current 80 kW net power from ORC suing screw expander.  
In the second proposed system that uses a TFC heat engine with reaction turbine coupled 
with the current ORC system has more power production capacity. The calculated net power 
at assumed 50% isentropic efficiency is between 141 kW to 167 kW. From this case study in 
this chapter, it is conclusive that the TFC has a promising to replace the ORC to produce 
more power from the low grade heat resources.  
From this case study in this chapter, TFC has shown promising potential to replace the ORC 
for producing more power from the low grade heat resources. This case study has introduced 
two potential and promising proposals to be considered in the geothermal power plant in 
Birdsville in Queensland. 
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RECOMMENDATION    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
148 
 
7.1 The Cumulative Conclusion  
As mentioned before, there is an enormous amount of clean low-grade heat resources that 
are non-utilised especially the geothermal and the solar thermal energy. Currently, there is a 
significant demand to improve such of the available technology of the existing binary power 
system. The Organic Rankine Cycle (ORC) is the technology that already applied to operate 
the binary power system. However, the ORC is a well-developed technology, and the area of 
adding more advanced improvement to the ORC is becoming very narrowing with the aim of 
increasing the power utilization of low-grade heat resources. 
From this research, a new technique has been presented and examined which was 
amalgamation of the Trilateral Flash Cycle (TFC) with a novel reaction turbine design in the 
binary power system. As stated before, TFC is the thermodynamic cycle that is able to 
increase the utilisation of the existing low-grade heat resources with decreasing the cost of 
the binary power system. The green gas emissions can be reduced by applying TFC as a 
more competence technology to extract thermal energy heat from hydrothermal resources 
with more efficiency to directly increase the power. 
Introducing the reaction turbine as an appropriate expander to utilise the massive volumetric 
expansion ratio is a novel idea to engineer it with TFC for the first time. The type of simple 
reaction turbine has the ability to operate the static head available in the working fluid and 
convert it to dynamic head with the converging nozzles inside the reaction turbine rotor. The 
change of the momentum was resulted from the fluid expansion inside the nozzles to increase 
the reaction force which caused the rotor to rotate. 
The literature review in this thesis demonstrated the historical background about the low-
grade heat, the reaction turbine, the binary power system, and the thermodynamic cycles 
including ORC and TFC. The principle of the binary power system operated by ORC has 
been reviewed by covering most of the prior researchers’ studies.  The report also included 
the TFC as a very promising thermodynamic cycle to be applied for operating the binary 
power system instead of ORC. Many studies introduced TFC theoretically as a very 
promising technology to recover more thermal heat from the heat source. It is stated from the 
literature review that the amount of the power utilisation of thermal energy resources into 
mechanical energy is more imposing when it is compared to Rankine cycle or even Carnot 
Cycle. However, most of the previous studies did not cover the combined relevant factors 
such as the utilization of TFC as a working thermal cycle in the binary power system. 
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Essentially from this research, the research gap was identified to improve the utilisation of 
TFC in binary power system by developing a more efficient two-phase expander which was 
introduced after a careful study. The new designed reaction turbine was the proposed turbine 
for operating the binary power system effectively with the TFC. 
The primary rationale of this research found out no experimental or commercial work has 
been conducted about combing an efficient two-phase expander with TFC by any of the 
earlier researchers in this field. 
In addition, the mathematical modelling in this thesis was obliging for better understanding of 
the binary system performance when it was operated by TFC combined by the reaction 
turbine. The mathematical modelling was necessary also to validate the design of the reaction 
turbine with TFC using Isopentane (R601a) as the working fluid in this study. It was useful to 
predict the predicted output data based on the input parameters that were similarly used in the 
experimental tests in the laboratory. The mathematical modelling was critical in order to 
evaluate the predicting output power produced by the reaction turbine based on several 
operational conditions. The resulted data from the mathematical modelling were schemed on 
the chart curves to study these performance curves with respect mainly to different rotational 
speed. These measured performance curved contributed an initial discernibility of the 
expected the turbine efficiency, power output and total nozzle area for better analytical 
understanding. The increasing in the rotational speed and the rotor diameter had an influence 
on the turbine efficiency and also on the power output. Also, the rotational speed had a direct 
effect on the relative velocity. 
In addition, the importance of the mathematical modelling study was to find out the predicted 
performance of the system for the validation of the design measurements of the new reaction 
turbine. Indeed, the valuable dominated outcomes from this mathematical modelling were 
used to determine the optimum dimensions to design the reaction turbine. 
From this modelling, the optimum total nozzle area required for designing the reaction 
turbine was determined. The resulted optimum total nozzle area of the new reaction turbine 
was a function of the specific volume, the mass flow-rate and the relative velocity of 
Isopentane. The optimum nozzle area of the reaction turbine rotor was independent of the 
output power. As a result from this mathematical modelling, the selected optimum diameter 
of the reaction turbine rotor was 0.15 m for reaction turbine design and manufacturing with 
respect to the experimental prototype dimensions as well. The optimum total nozzle (Ao) area 
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was found at average of 94 mm
2
 for two exit nozzles area and was obtained on the reaction 
turbine at the range of 3,500-8,000 rpm rotational speed. Therefore, the average nozzle area 
was calculated to be a result of 47 mm
2
 and it was primarily selected for each exit nozzle area 
(ao) for the final designing and manufacturing of the reaction turbine rotor. 
Latterly, the design of new reaction turbine was finalised based on the mathematical 
modelling. Then the manufacturing of the new reaction turbine was completed to replace the 
screw expander with additional modification to the test rig in order to install the reaction 
turbine appropriately. 
From the experimental validation in this research, the second principal methodology of this 
research was presented. It explained the experimental procedures in the laboratory, and it 
included the main results of the analysis of experiments. The experimental analysis involved 
the tests for ORC and TFC. At first test, it covered the ORC with the screw expander and in 
the second test; it covered TFC with screw expander. Conducting these two tests gave us the 
benchmark for the prototype performance as a model of the binary power system before 
approaching third test. The third and the main test was about experimenting the TFC with the 
new reaction turbine with. 
A new reaction turbine design with curved nozzles made from two grooved plates has been 
described, which is easy to manufacture using a three-axis milling machine. Experiments 
with average constant inlet temperature were carried out to estimate the performance 
characteristic of the proposed curved nozzle profile turbine. The turbine had outer diameter of 
0.15 m with two nozzles having throat diameter of 1.98 mm and nozzle exit diameter of 6.8 
mm (i.e. exit area of one nozzle of 36 mm²). The turbine was placed in a turbine housing 
initially maintained at close to local atmospheric pressure. The experimental results presented 
in this thesis are average values and could be to some extend used for preliminary validation 
of a mathematical working fluid dynamics model. Experimental estimations had maximum 
uncertainty of around 7%. It should be noted that the experimental measurements and the 
estimated parameters presented in the thesis represent bulk properties.  
The results obtained were as follows, 
1. The turbine had a maximum isentropic efficiency of around 94% and the mechanical 
power was around 81.93 W when the turbine was supplied with isopentane at 71.7C. The 
average mass flow rate of Isopentane was around 8.37 kg/s.  
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2. The power output of the turbine was observed to be highest 116W when the inlet 
isopentane temperature was around 68.8C and the corresponding isentropic efficiency of 
the turbine was around 84 %. The average isopentane flow rate was around 8.37 kg/s. It 
should be noted that the nozzle curvature used in this study is optimal for average 
performance of 5000 rpm and consequently at lower rotational speed the turbine has 
lower efficiency. 
3. It is observed that the turbine mechanical efficiency increases with increase in the turbine 
rotational speed. But with the present experimental set-up the turbine speed was limited to 
around 7486 rpm due to following reasons,  
a) High mechanical frictional load due to mechanical seals require higher torque to 
overcome this friction and hence speed is limited.  
b) At high speed there is sharp increase in the isopentane flow rate that upsets the 
balance of heat supply to the heat engine and heat removed from engine which caused 
the pressure on the condenser side to rise and hence reduces the driving temperature 
and in turn slows down the turbine speed. 
As a conclusion from these experimental trials, ORC showed a greater overall efficiency than 
TFC has. On the other hand, TFC produced more power from the prototype test as TFC had 
the ability to recover 20% to 40% more thermal energy than ORC recovered. That gave the 
upper hand to TFC to produce more power especially for TFC with the reaction turbine. 
One the primary contributed outcome from this research, TFC with reaction turbine improved 
technically to produce the largest amount of the power and also the efficiency was improved 
significantly to match the ORC's efficiency nearly. These resulted introduced the reaction 
turbine as a promising two-phase expander to be linked with TFC for better performance for 
utilizing the low-grade heat resources. The test gave us the “prove of concept” that TFC can 
be more efficient when the proper expander is employed in the binary power system. 
In this thesis, also, a case study was introduced and discussed. The case study involved the 
new proposal in this research to present the TFC with reaction turbine instead of the current 
geothermal power plant in Birdsville town in Queensland State in Australia. The case study 
was about proposing two new TFC in order to increase the power utilisation in Birdsville. 
The main objective of this case study was to demonstrate to the industry that the TFC with 
the reaction turbine has a new solution to be applied commercially. By utilising geothermal 
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resources, this technology has more thermal energy recovery and more power productivity. 
Also, it was aimed from this study to link the outcome of this research to the industry sector 
where a current low-temperature geothermal resource is in the utilization. As stated from the 
experiments in this research, the greatest improvement of the system would come from the 
development of the expander used in the binary power system applying TFC as the 
thermodynamic cycle. The preliminary results were promising in regard to the potential 
aspect of the development of the binary power system incorporation of TFC with the new 
designed reaction turbine. That takes advantage of the huge volumetric expansion ratio of the 
working fluid ‘Isopentane” during expansion inside the turbine. 
The case study introduced two proposals, first was to replace the current ORC with the TFC. 
And the second proposal, it was about coupling the existing ORC with TFC. From both 
proposals, the results were promising for considering the TFC for commercial applications. 
With the first proposed system, TFC with reaction turbine can recover more heat from the 
geofluid resource in Birdsville. By replacing the current ORC system with TFC the using 
reaction turbine, the new geothermal power plant could produce more net power. With 
respect to the reaction turbine rotor diameters, the net power was between 97 kW to 157 kW. 
The expected net power was considered at 50% isentropic efficiency, and it was quite higher 
than the current net power, 80 kW, from ORC using screw expander. 
From the second proposed system, coupling the TFC using reaction turbine with the current 
ORC system also demonstrated a larger power production than the current ORC alone. The 
TFC had the ability to utilise the unused thermal heat which was rejected from the heat 
exchanger in the ORC at 81 °C. The calculated net power was between 141 kW to 167 kW at 
50% isentropic efficiency, and it was the cumulative of total net powers of TFC and ORC. 
This second proposal had shown more estimated power generation than the previous 
outstanding TFC only. 
 
7.2 Recommendations for Future Work  
This research is an ongoing research as the preliminary results of this research showed a very 
encouraging outcome to utilize more power from converting low grade heat into electrical 
power. In this research, many difficulties were involved during the study. Some of these 
difficulties were to prepare the test rig to the experiments as the test rig was not reliable and 
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durable to hold the high pressure. Certain of modification had been conducted to maintain the 
test rig and make ready for the experimental validation. 
That affected the final results and accordingly that decreased the efficiency of the whole 
binary power system test rig dramatically. There are two main requirements are desired to 
magnitude the results for further improvement of the prototype test rig in the future. The first 
improvement would be required for reconsidering the suitability of the use of reaction turbine 
with more advanced designed for the TFC should be considered as the trials of other design 
configurations and that probably prove more efficiency for the overall system. It is required 
for rethinking more carefully about specific area of the design in the reaction turbine such as 
the use of nozzles for the purpose of increasing the torque during test operation. Second 
required improvement of the power output would be the main objective of a redesign 
intensively on the binary power system prototype for a larger and a more professional scale. 
The binary power system prototype is also required to redesign other major parts of the 
system such as the heat exchange, the condenser and the feeding pump. Such of these 
improvements would increase the reliability and the efficiency, for example, between the 
working fluid and heating source inside the heat exchanger. And the same issue for the 
condenser. It is stated that the more efficiency in such of these components the more overall 
efficiency of the whole binary power system at the consequence end.   
Also, it is highly recommended to target a larger heat source range for 100 ºC to 150 ºC.  
That could introduce the main concept of TFC with reaction turbine to the reality and for 
further commercialisation objectivises as well. As it is stated in this research, the more 
increasing of heat input and heat output (ΔT between the Th and Tc) the more thermal energy 
into the binary power system will be gained.  
On the other hand, it is recommended to run the experiment with different hydrocarbon 
liquids to analysis the performance of reaction turbine with TFC. The working fluid plays a 
significant effect and any further study about more working fluid it certainly could increase 
the power productivity and the TFC efficiency. 
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APPENDIX A: Mathematical Calculation Spread 
Sheet, Isopentane Properties and Instruments 
Technical Data  
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A-1 Spread Sheet Calculation for Mathematical Modelling of Reaction Turbine  
Sample of the spread sheet of the mathematical modelling of the theoretical analysis in this 
research is shown in Figure A-‎0-1.  
  
  
 
Figure A-‎0-1a: Sample of the spread sheet for Isentropic = 1 and D = 0.15 m 
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Figure A-0-1b: : Sample of the spread sheet of the mathematical modelling showing the Constants part 
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Figure A-0-1c: : Sample of the spread sheet of the mathematical modelling showing the Calculated part 
 
 
  
A-2 Isopentane Properties table for Liquid and Vapour phases  
Saturation Properties for 2-Methylbutane Or Isopentane —Temperature 
Increments 
 Liquid Phase Data 
       Data on Saturation Curve 
       
          
Temperature 
(C) 
Pressure 
(MPa) 
Density 
(kg/m3) 
Volume 
(m3/kg) 
Internal 
Energy 
(kJ/kg) 
Enthalpy 
(kJ/kg) 
Entropy 
(J/g*K) 
Cv 
(J/g*K) 
Cp 
(J/g*K) 
Phase 
0 0.034544 639.86 0.0015628 82.437 82.491 0.326 1.6145 2.1506 liquid 
5 0.042695 635.04 0.0015747 93.243 93.311 0.3652 1.6337 2.1744 liquid 
10 0.052314 630.16 0.0015869 104.17 104.25 0.40413 1.6531 2.1987 liquid 
15 0.063579 625.23 0.0015994 115.22 115.32 0.44281 1.6727 2.2235 liquid 
20 0.07668 620.25 0.0016123 126.39 126.51 0.48124 1.6924 2.2488 liquid 
25 0.091815 615.21 0.0016255 137.68 137.83 0.51945 1.7122 2.2747 liquid 
30 0.10919 610.1 0.0016391 149.1 149.28 0.55745 1.7323 2.301 liquid 
35 0.12903 604.92 0.0016531 160.66 160.87 0.59526 1.7524 2.3279 liquid 
40 0.15154 599.67 0.0016676 172.34 172.6 0.63288 1.7727 2.3553 liquid 
45 0.17698 594.34 0.0016825 184.16 184.46 0.67033 1.793 2.3834 liquid 
50 0.20556 588.93 0.001698 196.12 196.47 0.70763 1.8135 2.4121 liquid 
55 0.23755 583.42 0.001714 208.22 208.62 0.74479 1.8341 2.4414 liquid 
60 0.27319 577.81 0.0017307 220.45 220.93 0.78181 1.8548 2.4716 liquid 
65 0.31275 572.1 0.001748 232.84 233.38 0.81872 1.8755 2.5025 liquid 
70 0.35648 566.27 0.001766 245.37 246 0.85552 1.8964 2.5343 liquid 
75 0.40466 560.31 0.0017847 258.05 258.77 0.89224 1.9173 2.5671 liquid 
80 0.45757 554.22 0.0018043 270.89 271.71 0.92887 1.9384 2.601 liquid 
85 0.51549 547.98 0.0018249 283.88 284.82 0.96544 1.9595 2.6362 liquid 
90 0.57871 541.58 0.0018464 297.04 298.11 1.002 1.9807 2.6728 liquid 
95 0.64752 535.01 0.0018691 310.37 311.58 1.0384 2.002 2.7109 liquid 
100 0.72222 528.24 0.0018931 323.87 325.23 1.0749 2.0234 2.751 liquid 
105 0.80314 521.27 0.0019184 337.55 339.09 1.1114 2.045 2.7931 liquid 
110 0.89058 514.06 0.0019453 351.41 353.14 1.1479 2.0666 2.8379 liquid 
115 0.98487 506.59 0.001974 365.47 367.41 1.1844 2.0885 2.8856 liquid 
120 1.0864 498.83 0.0020047 379.73 381.91 1.221 2.1106 2.9371 liquid 
125 1.1954 490.75 0.0020377 394.21 396.65 1.2577 2.1328 2.9929 liquid 
130 1.3123 482.3 0.0020734 408.92 411.64 1.2945 2.1554 3.0543 liquid 
135 1.4376 473.44 0.0021122 423.87 426.9 1.3315 2.1784 3.1227 liquid 
140 1.5715 464.09 0.0021548 439.08 442.47 1.3687 2.2018 3.2001 liquid 
145 1.7146 454.18 0.0022018 454.58 458.36 1.4061 2.2257 3.2895 liquid 
150 1.8673 443.6 0.0022543 470.4 474.61 1.444 2.2505 3.3955 liquid 
155 2.0301 432.21 0.0023137 486.59 491.29 1.4823 2.2763 3.5254 liquid 
160 2.2037 419.81 0.002382 503.2 508.45 1.5212 2.3034 3.6916 liquid 
165 2.3886 406.12 0.0024623 520.33 526.21 1.5609 2.3325 3.9177 liquid 
170 2.5857 390.64 0.0025599 538.13 544.75 1.6019 2.3646 4.2546 liquid 
175 2.7959 372.48 0.0026847 556.88 564.38 1.6447 2.4014 4.8349 liquid 
180 3.0206 349.61 0.0028603 577.23 585.87 1.691 2.4471 6.1523 liquid 
185 3.2621 314.29 0.0031818 601.7 612.07 1.7469 2.5166 12.821 liquid 
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Saturation Properties for 2-Methylbutane Or Isopentane —Temperature Increments 
 Vapor Phase Data 
       Data on Saturation Curve 
       
          
Temperature 
(C) 
Pressure 
(MPa) 
Density 
(kg/m3) 
Volume 
(m3/kg) 
Internal 
Energy 
(kJ/kg) 
Enthalpy 
(kJ/kg) 
Entropy 
(J/g*K) 
Cv 
(J/g*K) 
Cp 
(J/g*K) 
Phase 
0 0.034544 1.1203 0.89258 415.47 446.3 1.6579 1.4242 1.5522 Vapour 
5 0.042695 1.3645 0.73289 422.3 453.59 1.6605 1.45 1.58 Vapour 
10 0.052314 1.6486 0.60658 429.22 460.95 1.6639 1.4758 1.6082 Vapour 
15 0.063579 1.9771 0.50579 436.22 468.38 1.6681 1.5018 1.6368 Vapour 
20 0.07668 2.3547 0.42469 443.3 475.86 1.673 1.5279 1.6659 Vapour 
25 0.091815 2.7862 0.35891 450.45 483.41 1.6785 1.5542 1.6954 Vapour 
30 0.10919 3.2769 0.30516 457.68 491.01 1.6847 1.5805 1.7254 Vapour 
35 0.12903 3.8323 0.26094 464.99 498.65 1.6914 1.607 1.7559 Vapour 
40 0.15154 4.4583 0.2243 472.36 506.35 1.6987 1.6336 1.787 Vapour 
45 0.17698 5.1609 0.19376 479.79 514.08 1.7064 1.6603 1.8187 Vapour 
50 0.20556 5.947 0.16815 487.29 521.85 1.7145 1.6872 1.851 Vapour 
55 0.23755 6.8234 0.14655 494.84 529.66 1.7231 1.7141 1.8841 Vapour 
60 0.27319 7.7979 0.12824 502.45 537.48 1.732 1.7412 1.918 Vapour 
65 0.31275 8.8787 0.11263 510.11 545.33 1.7412 1.7684 1.9527 Vapour 
70 0.35648 10.075 0.099259 517.81 553.19 1.7507 1.7957 1.9885 Vapour 
75 0.40466 11.395 0.087754 525.55 561.06 1.7605 1.8231 2.0255 Vapour 
80 0.45757 12.852 0.077809 533.32 568.93 1.7705 1.8507 2.0637 Vapour 
85 0.51549 14.456 0.069176 541.13 576.78 1.7806 1.8784 2.1034 Vapour 
90 0.57871 16.221 0.06165 548.95 584.62 1.7909 1.9063 2.1449 Vapour 
95 0.64752 18.161 0.055064 556.78 592.44 1.8013 1.9344 2.1884 Vapour 
100 0.72222 20.293 0.049277 564.62 600.21 1.8118 1.9626 2.2342 Vapour 
105 0.80314 22.637 0.044175 572.45 607.93 1.8223 1.9911 2.2829 Vapour 
110 0.89058 25.215 0.039658 580.26 615.58 1.8328 2.0198 2.3351 Vapour 
115 0.98487 28.053 0.035647 588.04 623.15 1.8432 2.0487 2.3913 Vapour 
120 1.0864 31.18 0.032071 595.78 630.62 1.8536 2.078 2.4528 Vapour 
125 1.1954 34.635 0.028873 603.44 637.95 1.8637 2.1077 2.5206 Vapour 
130 1.3123 38.46 0.026001 611.01 645.13 1.8737 2.1378 2.5967 Vapour 
135 1.4376 42.71 0.023414 618.46 652.12 1.8833 2.1684 2.6834 Vapour 
140 1.5715 47.454 0.021073 625.76 658.88 1.8925 2.1997 2.7842 Vapour 
145 1.7146 52.78 0.018947 632.86 665.35 1.9012 2.2318 2.9044 Vapour 
150 1.8673 58.803 0.017006 639.71 671.46 1.9092 2.2649 3.0519 Vapour 
155 2.0301 65.679 0.015226 646.21 677.12 1.9163 2.2992 3.2395 Vapour 
160 2.2037 73.634 0.013581 652.28 682.21 1.9223 2.3352 3.4897 Vapour 
165 2.3886 83 0.012048 657.74 686.52 1.9268 2.3734 3.8446 Vapour 
170 2.5857 94.325 0.010602 662.34 689.75 1.9291 2.4147 4.3946 Vapour 
175 2.7959 108.61 0.009207 665.61 691.36 1.928 2.4608 5.3745 Vapour 
180 3.0206 128.13 0.007804 666.52 690.09 1.921 2.5147 7.6481 Vapour 
185 3.2621 161.58 0.006188 661.19 681.38 1.8982 2.5862 19.144 Vapour 
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A-3 Generator: Unitemotor model: MY1016B3M3 
 
 
 
 
170 
 
reference torque 
(Nm) 
speed 
(rpm) 
output 
power 
(W) 
voltage 
(V) 
current 
(A) 
input 
power 
(W) 
efficiency 
(%) 
no load 0.03 3286 11.01 24.05 1.86 44.83 24.56 
Max 
efficiency 
point 
0.79 2886 240.14 24.08 12.40 298.53 80.44 
Rate load 1.05 2753 302.35 24.09 15.91 383.24 78.89 
Max 
torque 
point 
1.32 2612 360.49 24.10 19.63 473.01 76.21 
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A-4 Load Cell Data: Model UU 
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A-5 Electronic Load Technical Data Sheet 
 
Item ID   : 336885 
Manufacturer   : Kikusui 
Model    : PLZ1004W 
Description   : Multifunction DC Load, 1000W 
Made In   : Japan 
Weight   : 42 lbs 
Manual   : N/A 
Condition   : Tested 
Cosmetic   : Very Good 
Description 
The Kikusui PLZ1004W electronic load is a multifunctional system designed to offer the 
highest levels of reliability and safety. The electronic load contains a stable and high-
performance current control circuit that enables high-speed load simulations. In addition, its 
CPU control feature works to improve operability and multifunctional capability. Because the 
electronic load comes standard with GPIB, RS232C and USB communication functions, it 
can easily be incorporated into wide-ranging test and inspection systems.  
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Features: 
- Wattage: 0 to 1000 W 
- Current: 0 to 200A 
- Voltage: 1.5 to 150 Vdc 
- Rise/Fall time: 10µs 
- Slew Rate: 16A/µs 
- Connect up to 4 load boosters (PLZ2004WB) for 9 kW, 1800A capability 
- Connect up to 5 PLZ1004W in parallel for 5 kW, 1000A capability 
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A-6 Digital Tachometer QM-1448 
Technical Description 
The Digitech digital tachometer (part# QM-1448) is an easy-to-use hand held tool that 
accurately measures up to 99,999 RPM and features a large LCD, laser pointer, low battery 
indicator, and memory recall for the last displayed value, minimum value, and maximum 
value. It can also be switched to measure either actual RPM or total revolutions. It comes 
supplied with a carry case and 600mm of reflective tape marks, which can be cut to size. 
Features 
Display: 5 Digit LCD, 16mm (0.7") 
Test range: 2.5 - 99,999RPM 
Resolution: 0.1 RPM (2.5 - 999.9RPM), 1RPM (over 1000RPM) 
Accuracy: ±0.05% 
Sampling time: 0.5 sec (over 120RPM) 
Range select: Auto-Ranging 
Detecting distance: 50mm to 500mm 
Time base: Quartz crystal 
Power consumption: 50mA approx. 
Battery: 4 x AA (included) 
Operating temp: 0 - 50°C 
Dimensions: 72 x 160 x 37mm 
Weight: 145g (excluding batteries). 
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A-7 Heat Exchanger Data Sheet 
 
Equipment     : DX Evaporator 
APV PHE Model    : BE7 20 plates  
Duty      : 25 kW 
Plate Material     : SS316 
No. of Plates      : 20 
Surface Area     : 1.0 m
2
 
Water In     : 50 °C 
Water Out     : 44.5 °C 
Water Flow     : 10 L/min 
Water Pressure Drop   : 0.35 bar 
Refrigerant Fluid    : R601a 
R601a      : 0.0529 
Refrigerant Evaporation Temperature : 27 °C 
Design Temperature    : 50 °C 
Design Pressure     : 1600 kPa 
Test Pressure     : 2000 kPa 
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A-8 Condenser Data Sheet  
     Model: APV Plate Condenser Data Sheet W1136 
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A-9 Working Fluid Feeding Pump 
The pump used for circulating the isopentane working fluid was a pneumatically powered, 
reciprocating, and dual-diaphragm pump. The model is available with parts of varying 
materials and they were chosen for compatibility with the refrigerant. The following 
specifications are for Wilden P.025 Metal. 
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A-10 Working Fluid Flow Meter Technical Data Sheet 
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A-11 Hot Water Supply Flow Meter 
The volume flow meter used for measuring the flow of hot water supply to the heat 
exchanger is a Dwyer Instruments Model UV2112 (0 – 38 l/min): 
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A-12 FEA Simulation of Isopentane supply connection to turbine 
 
Simulation of  
Isopentane supply 
connection to 
turbine 
 
Date: Tuesday, 9 April 2013 
Designer: Moeffaq 
Study name: Simulation press Study 
Analysis type: Static 
 
Table of Contents 
Description  
Assumptions  
Model Information          
Material Properties  
Loads and Fixtures          
Mesh Information          
Study Results  
Conclusion                      
 
Description 
Inlet 
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Assumptions 
 
Model Information 
 
Model name: Isopentane supply connection to turbine 
Current Configuration: Default 
Solid Bodies 
Document Name and 
Reference 
Treated As Volumetric Properties 
Document Path/Date 
Modified 
Chamfer1 
 
Solid Body 
Mass:1.33195 kg 
Volume:0.000168602 m^3 
Density:7900 kg/m^3 
Weight:13.0531 N 
 
S:\Energy\Geothermal 
Project\Heat Engine - 
Moeffaq\Isopentane 
supply connection to 
turbine.SLDPRT 
Apr 09 14:57:10 2013 
 
 
Material Properties 
Model Reference Properties Components 
 
Name: AISI 1020 
Model type: Linear Elastic Isotropic 
Default failure criterion: Max von Mises Stress 
Yield strength: 3.51571e+008 N/m^2 
(351MPa) 
Tensile strength: 4.20507e+008 N/m^2 
 
SolidBody 
1(Chamfer1)(Isopentane 
supply connection to turbine) 
 
 
185 
 
Loads and Fixtures 
Fixture name Fixture Image Fixture Details 
Fixed-1 
 
Entities: 2 face(s) 
Type: Fixed Geometry 
 
 
Load name Load Image Load Details 
Pressure-1 
 
Entities: 1 face(s) 
Type: Normal to selected 
face 
Value: 400000 
Units: N/m^2 
 
Pressure-2 
 
Entities: 1 face(s) 
Type: Normal to selected 
face 
Value: 400000 
Units: N/m^2 
 
 
 
Mesh Information 
Mesh type Solid Mesh 
Mesher Used:  Standard mesh 
Automatic Transition:  Off 
Include Mesh Auto Loops:  Off 
Jacobian points 4 Points 
Element Size 8.84165 mm 
Tolerance 0.442082 mm 
Mesh Quality High 
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Mesh Information - Details 
Total Nodes 6015 
Total Elements 3315 
Maximum Aspect Ratio 5.7988 
% of elements with Aspect Ratio < 3 89.5 
% of elements with Aspect Ratio > 10 0 
% of distorted elements(Jacobian) 0 
Time to complete mesh(hh;mm;ss):  00:00:02 
Computer name:  W8049446 
 
 
Study Results 
Name Type Min Max 
Stress VON: von Mises Stress 0.0211734 N/mm^2 (MPa) 
Node: 139 
1.30773 N/mm^2 (MPa) 
Node: 358 
 
Isopentane supply connection to turbine-SimulationXpress Study-Stress-Stress 
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Name Type Min Max 
Displacement URES: Resultant Displacement 0 mm 
Node: 155 
0.000127119 mm 
Node: 2607 
 
Isopentane supply connection to turbine-SimulationXpress Study-Displacement-Displacement 
 
Name Type 
Deformation Deformed Shape 
 
Isopentane supply connection to turbine-SimulationXpress Study-Displacement-Deformation 
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Name Type Min Max 
Factor of Safety Max von Mises Stress 268.841  
Node: 358 
16604.4  
Node: 139 
 
Isopentane supply connection to turbine-SimulationXpress Study-Factor of Safety-Factor of Safety 
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A-13 Torque Test of the Turbine-Generator Coupling Shaft  
After assembly, we measured the torque on the shaft of the expander on no load. As seen in 
Figure A-‎0-2, the arm is connected to the expander shaft and after 16.4 cm; a weight had 
been added until the arm started to move down. In Figure A-‎0-3, one weight was 54.8 gram 
and another one was 53.4 gram plus the weight of arm of 46 gram. Then we used these data 
to calculate the torque as follow: 
T = weight x Distance  
                             
 = 0.164*9.8*0.1542 
= 0.24783 N.m 
Where: 
Mass = 54.8 + 53.4 + 46 = 154.2 gram 
Distance = 16.4 cm = 0.164 m  
The torque was high on the shaft and later on, some additional modification including 
changing the type of sealing on both ends of the turbine. The additional modification helped 
absolutely to decrease the impact and to reduce the torque on the coupling shaft.  
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Figure A-‎0-2: The arm with weight on the expander shaft to measure the torque  
 
 
Figure A-‎0-3: Weight sample used to measure the torque on the expander shat    
 
 
16.4 cm 
length  
Weight     
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A-14 Thermocouple Wire Technical Data 
Thermocouple wire is a special grade of T- type copper / constantan  
Type   :  AWG24 single strand  
Maximum temperature : 260°C Error 0.5°C or 0.4% (whichever is greater).  
 
For calibration : using data-logging equipment against factory calibrated alcohol thermometer in 
ice bath and boiling water to within 0.5°C. 
 
 
 
 
 
 
 
نيملاعلا بر للهدمحلا 
